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= constant in Equation (VI-21) 
- 8 =Angstrom unit, 1 x 10 cm. 
= empirical parameter in the BWR equation. 
= empirical parameter in the BWR equation; 
also used as Kihara core radius. 
= hard sphere diameter for molecule. 
= average hard sphere diameter. 
= second virial coefficient. 
= interaction second virial coefficient. 
= reduced classical second virial coefficient 
from classical Lennard-Jones (6-12) intermoJe- * 
cular potential function (also written as B ( T  ) ) .  CL 
= second virial coefficient calculated from 
classical Kihara (6-12) intermolecular potential 
function. 
= empirical parameter in the BWR equation. 
= reduced translational quantum second virial coefficient 
for an ideal gas. 
= Benedict-Webb-Rubin equation of state. 
= first and second reduced translational quantum 
corrections for the second virial coefficient 
from the Lennard-Jones (6-12) potential function. 
= empirical parameter in the BWR equation. 
= volumetric parameter in the Lennard-Jones (6-12) 
intermolecular potential function, Equation (IV-22) 
* 
= coefficients for series representation of B (T*) . 
Equation (IV-25). CL 
NOMENCLATURE (Continued) 
= coefficients for series representation of F s , 
Equation (IV-37). 
= third virial coefficient. 
= dispersion constant, 
= reduced classical third virial coefficient from 
Lennard-Jones (6-12) igtermolecular potential function * (also written as C ( T  )). CL 
= empirical parameter in BWR equation. 
= non-additivity correction to the third virial 
coefficient, Equation (IV-54). 
= classical contribution to the third virial coefficient, 
Equation (IV-54). 
= empirical parameter in BWR equation. 
= coefficient for series representation of C* (T*) , 
Equation (IV-61). 
CL 
= parameter in correlation of Chueh and Prausnitz; 
see Equation (IV-65). 
= partial molar internal energy. 
= raise 2.71828 to the power to the number in 
parentheses. 
F1,F2,F3 = reduced functions for second virial coefficient from 
Kihara core model (6-12); Equation (IV-37). 
= fugacity and also used in Equation (IV-64). 
= partial molar Gibbs free energy for creation of a cavity. 
= partial molar Gibbs free energy for interaction. 
= ~ibbs' molar free energy of an ideal gas at one 
atmosphere pressure. 
= Henry's law constant. 
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NOMENCLATURE (Continued) 
= molar heat  of solut ion of component 2 a t  
i n f i n i t e  d i lu t ion .  
= molar enthalpy of component 2 i n  the vapor phase. 
= p a r t i a l  molar enthalpy of component 2 i n  l iquid  
solut ion a t  i n f i n i t e  d i lu t ion .  
= p a r t i a l  molar enthalpy fo r  creat ion of a cav i ty .  
= p a r t i a l  molar enthalpy for  in teract ion.  
= Planckls constant = 6.6256 x erg-sec; 
a l so  used a s  peak height  on chromatogram. 
= ionization potential. 
= summat:ion index in teger .  
= summat:ion index in teger .  
= Kihara core model (6-12). 
= Kihara core model (6-12) with correct ion applied 
t o  the geometric mixing ru l e  using K calculated 
from Equation (V-5). 
12 
= Kihara core model (6-12) with correction applied 
t o  the geometric mixing ru l e  using experimental 
= Henry's law constant using consistency method. 
= K value; Ki = yi/xi. 
= constant representing the devia t ion from the 
Kihara po ten t ia l  geometric mean of the character is -  
t i c  energy parameters of components i and j ;  see 
Equation(1V-51). 
= constant representing the deivation from the Lennard- 
Jones po ten t ia l  geometric mean of the cha r ac t e r i s t i c  
energy parameters i and j; see Equation (VI-47). 
-16 
= Boltzmann constant = 1.38054 x 10  erg/^ molecule. 




= Lennarci-Jones classical model. 
= natural (base e) logarithm. 
= common (base 10) logarithm. 
= molecular weight. 
= core parameter in Kihara (6-12) core model. 
= mass of molecule, M/N A' 
= a dummy quantity used to represent various 
equation of state parameters in writing mixture 
rules. 
= Avogadro's number 6.023 x molecules/gm mole. 
= number of gm moles and also used in the generalized 
correlation given by Chueh and Prausnitz; see Equation 
(IV-10). 
= number of moles of comp0nen.t i. 
= total absolute pressure. 
= critical pressure. 
= vapor pressure of condensib le component. 
= gas law constant = 82.0560 atm-cc/gm mole K or 
0.0820537 atm-liter/gm mole K. 
= intermolecular distance between centers of mole- 
cules. 
= core parameter in Kihara (6-12) core model. 
= temperature, K (formerly OK). 
= classical critical temperature at high temperature 
for quantum gases. 
= critical temperature. 
x v i  i 
NOMENCLATURE (Continued) 
reduced temperature ,  TITc, o f  component i. 
0 = temperature ,  C .  
= i n t e rmo lecu la r  p o t e n t i a l  energy. 
= minimum energy of t h e  Kihara  p o t e n t i a l  func t ion .  
= energy parameter i n  Kihara (6-12) model. 
= t o t a l  volume of  gas.  
= c l a s s i c a l  c r i t i c a l  volume a t  high temperature  f o r  
t h e  quantum gases .  
= cr i t i ca l  molar volume. 
= p a r t i a l  molar volume change upon c a v i t y  formation.  
= p a r t i a l  molar volume change upon charging.  
= molar volume of gas  mixture .  
= co re  parameter i n  Kihara  c o r e  model. 
= molar volume of component 1 gas a t  i t s  vapor p re s su re .  
= molar volume of component 1 gas.  
= molar volume of component 2 gas. 
= p a r t i a l  molar volume of  component i. 
= molar volume of  t he  compressed l i q u i d  phase. 
= s a t u r a t e d  l i q u i d  molar volume of t h e  condens ib le  component. 
= mole f r a c t i o n  i n  t he  condensed phase. 
= mole f r a c t i o n  o f  component i i n  t he  gas phase. 
= i d e a l  mle f r a c t i o n  i n  t h e  gas  phase,  Pol/P. 
= c o m p r e s s i b i l i t y  f a c t o r ,  P V / ~ R T ;  a l s o  u o / k ~  i n  




= parameter in BWR equation. 
= coefficient of thermal expans ion for the pure component. 
= isothermal compressibility for the pure component 
at saturation. 
= isothermal compressibility for the pure component. 
= gamma function. 
= empirical parameter in BWR equation. 
= activit:~ coefficient of component i in liquid solutions 
referred to the pure liquid component at the system 
temperature and pressure. 
= energy parameter in Lennard-Jones (6-12) intermolecular 
potential function. 
= energy parameter in Lennard-Jones (6-12) intermolecular 
potential function. 
= translational quantum mechanical parameter. 
= chemical potential. 
= chemical potential of ideal gas at 1 atmosphere. 
= chemical potential of pure component. 
= distance between molecular cores in the Kihara model. 
= number density of fluid molecules, NA/ vol. 
= shortest distance between molecular cores at minimum 
potential energy. 
= see Equation (VI-21). 




= ~ i t z e r ' s  acen t r ic  fac tor ,  Equation (IV-12). 
= enhancement fac tor .  
= condensible component. 
= gas a t  i t s  normal vapor pressure ( i .e .  saturated 
vapor). 
= hydrogen, 
c = condenaible component. 
m = gas mixture, 
i. j ,  k = 1, 2, o rm.  
= v o l a t i l e  component. 
SUPERSCRIPTS 
= gas. 
= 1 iquid , 
= r e f e r  t o  i n f i n i t e  d i lu t ion.  
= used t o  dis t inguish BWR parameters from v i r i a l  
equation parameters; Equation (IV-74). 
SUMMARY 
The purpose of this work was to determine the experimental gas- 
liquid phase equilibrium data of the hydrogen-carbon tetrafluoride and 
the hydrogen-chlorotrifluoromethane systems at low temperatures and 
pressures up to 120 atmospheres. Two hydrogen binary systems (61, 87) 
and six helium binary systems (35, 73, 87, 132) have been studied pre- 
viously in this laboratory. In order to contribute more data for 
hydrogen b i n a r y  systems and t o  extend the limited phase equilibrium 
data available for binary fluorocarbon systems, the hydrogen-carbon 
tetrafluoride and the hydrogen-chlorotrifluoromethane systems were 
selected for study. 
A single-pass, continuous flow type, phase equilibrium apparatus 
designed by Kirk (,61), and used by the previous investigators (35, 
61, 73, 87, 132), was also used in this work to determine the gas-liquid 
phase equilibrium compositions. 
The gas-liquid phase equilibrium compositions in the hydrogen- 
carbon tetrafluoride system were measured at six isotherms, 94.94, 105.01, 
119.94, 135.01, 149.98, and 164.99 K. In the hydrogen-chlorotrifluoro- 
methane system, seven isotherms of 134.97, 145.02, 160.02, 175.02, 
189.97, 205.03 and 219.99 K were studied. Six pressure points from 
20 to 120 atmospheres with an interval of 20 atmospheres were measured 
along each isotherm of the two systems. The uncertainty of the gas 
phase analysis is believed to be + 2.5 percent for the hydrogen-carbon 
tetrafluoride system and 2 3.0 percent for the hydrogen-chlorotrifluoro- 
x x i  
methane system. The l i q u i d  phase a n a l y s i s  f o r  these  two systems i s  
be l ieved  t o  be accu ra t e  t o  2 2.0 percent  of hydrogen. These uncer- 
t a i n t i e s  a r e  determined wi th  the  cons ide ra t ion  of trle temperature un- 
c e r t a i n t y  (i 0.03 K ) ,  the  p re s su re  gauge unce r t a in ty  (f 0.5 percent )  and 
t h e  unce r t a in ty  of t he  chromatograph c a l i b r a t i o n  curves.  
The gas phase compositions of t hese  systems were descr ibed  i n  
PY 
terms of  the  enhancement f a c t o r  @ = 5- . An exac t  thermodynamic 
express  ion  was derived f o r  the  eva lua t ion  o f  t he  enhancement f a c t o r  
by assuming t h a t  t h e  l i q u i d  phase was a n  i d e a l  s o l u t i o n ,  and us ing  the  
v i r i a l  equat ion  o f  s ta te  t runca ted  a f t e r  the  t h i r d  v i r i a l  c o e f f i c i e n t  
and the  Benedict -Webb-Rubin equat ion  of a t a t e  t o  desc r ibe  the  gas 
phase behavior .  For t he  hydrogen-chlorofluoromethane system, only t h e  
v i r i a l  equat ion  of  s t a t e  was used. 
Two t h e o r e t i c a l  models desc r ib ing  the  i n t e r a c t i o n  p o t e n t i a l  
between molecules were used t o  c a l c u l a t e  the second v i r i a l  c o e f f i c i e n t  
of the v i r i a l  equat ion of s t a t e .  These two models a r e  t h e  Lennard-Jones 
(6-12) p o t e n t i a l  and the  Kihara core  p o t e n t i a l .  I n  t he  c a l c u l a t i o n  of  
t h e  t h i r d  v i r i a l  c o e f f i c i e n t s ,  the  Lennard-Jones model and t h e  method 
of  Chueh and P rausn i t z  (16) were used. For t h e  eva lua t ion  of (B ) i n  
0 12 
t h e  Benedict-Webb-Rubin equat ion  of s t a t e ,  both t h e  Lorentz  and l i n e a r  
averages were used. 
The experimental enhancement f a c t o r s  of t h e  two systems of t h i s  
work were compared w i t h  the  enhancement f a c t o r s  pred ic ted  by the  theore-  
t i c a l  models. General ly ,  t h e  Lennard-Jones c l a s s i c a l  model p r e d i c t s  
high va lues  of enhancement f a c t o r s  a t  low temperatures and shows b e t t e r  
agreement wi th  the experimental va lues  a t  high temperatures .  A t  low 
xxi i  
temperatures  the  Kihara core  model r ep re sen t s  t h e  experimental  da t a  
b e t t e r  than any 0 . E  the  o t h e r  models examined. The Benedict-Webb-Rubin 
equa t ion  of s t a t e  wi th  (B ) computed us ing  the  Lorentz average always 
0 12 
p r e d i c t s  h igher  va lues  than t h a t  based on the  l i n e a r  average,  and a l s o  
shows b e t t e r  agreement wi th  the  experimental  va lues  than  t h a t  based 
on t h e  l i n e a r  average. Although none of the t h e o r e t i c a l  models s a t i s -  
f a c t o r i l y  r ep re sen t  t he  experimental  d a t a  over  t h e  e n t i r e  temperature 
range ,  t h e  t h e o r e t i c a l  p r e d i c t i o n s  show t h e  same t r ends  a s  t h e  exper i -  
mental da t a .  
The i n t e r a c t i o n  second virial coefficient B were e x t r a c t e d  
12  
from the phase equ i l i b r ium da ta .  The t h e o r e t i c a l  B12 va lues  were a l s o  
ca lcu la tedf rom the  models descr ibed i n  t he  previous s e c t i o n  f o r  compari- 
son. I n  gene ra l ,  t h e  Kihara model b e s t  r e p r e s e n t s  t h e  experimental  
B12 va lues ;  t h i s  model a l s o  r e p r e s e n t s  experimental enhancement f a c t o r s  
b e t t e r  than the  o t h e r  t h e o r e t i c a l  models. 
Many i n v e s t i g a t o r s  (18,  35, 49, 54, 55, 87, 111) have shown 
t h a t  the  geometric mixing r u l e  f o r  t he  energy parameter  of t he  p o t e n t i a l  
func t ion  i s  n o t  adequate f o r  t he  Kihara model t o  p r e d i c t  t h e  c o r r e c t  
i n t e r a c t i o n  secorld v i r i a l  c o e f f i c i e n t s  . The c o r r e c t i o n  f a c t o r  K 12 
a s soc i a t ed  wi th  t h e  Kihara energy parameter i n  t he  p r e d i c t i o n  of t h e  
B12 va lues  was e~cper imenta l ly  determined f o r  each of the two systems 
s tudied  i n  t h i s  work. The K12 va lues  found f o r  t hese  two systems were 
l e s s  than  0.0'42. 
The phase equi l ibr ium d a t a  f o r  the hydrogen-argon (87),hydrogen- 
methane (61) , hydrogen-ethane (52) , and hydrogen-ethylene (51) systems, 
as we l l  as the  hydrogen-carbon t e t r a f l u o r i d e  and hydrogen-chlorotr i -  
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fluoromethane systems of this work, are summarized and compared with the 
corresponding helium binary systems (35, 44, 50, 87, 132) available in 
the literature. The comparison was made at the same pressure and the 
same reduced temperature of the condensed components. From this 
comparison, the helium systems and the hydrogen systems show two similar 
trends. Thus, 1) at the same reduced temperature of the condensed 
components, the B12 values tend to increase as the molecules of the 
condensed components become less spherical 2) at the same pressure 
and the same reduced temperature of the condensed components, the 
enhancement factors tend to decrease as the molecules of the condensed 
components become less spherical. Some general differences between the 
hydrogen systems and the helium systems in the limited experimental 
temperature and pressure region are: 1) the majority of the B values 
12 
of the helium systems fall in the positive region, while all the B 
12 
values of the hydrogen systems fall in the negative region, 2) in the 
liquid-gas region, the composition y of the helium systems at a given 
1 
temperature always decreases as pressure increases; a minimum of y is 
1 
shown on the composition isotherm of the hydrogen systems at low tempera- 
tures, 3) the enhancement factors of the helium systems are usually 
less than three at pressure up to 120 atm; the enhancement factors of the 
hydrogen systems may go up to twenty, 4) a minimum is shown on each 
enhancement factors isobar for a number of helium systems; the enhance- 
ment factors of the hydrogen systems decrease monotonously as temperature 
increases, 5) at a given temperature the enhancement factor of the 
hydrogen systems increases more rapidly than those of the helium systems 
as pressure increases, 6) the correction factors for the geometric 
x x i v  
mixing r u l e  o f  t h e  K i h a r a  p o t e n t i a l  f o r  t h e  he l ium systems are l a r g e r  
t h a n  t h o s e  f o r  t h e  hydrogen sys tems and t h e  K c o r r e c t i o n s  f o r  t h e  
1 2  
hydrogen sys tems a r e  u s u a l l y  q u i t e  s m a l l .  S i n c e  t h e  d i f f e r e n t  t r e n d s  
between t h e  hydrogen sys tems and t h e  he l ium systems a l s o  a p p e a r  i n  
t h e i r  t h e o r e t i c a l  models ,  a n a l y s e s  o f  t h e  t h e o r e t i c a l  models were a l s o  
made i n  t h i s  work. 
The phase  e q u i l i b r i u m  d a t a  of  t h e  l i q u i d  phase  o f  t h e  hydrogen 
sys tems and t h e  he l ium systems a r e  a l s o  summarized f o r  comparison,  t h e  
s o l u b i l i t y  of  hydrogen is  a lways  h i g h e r  t h a n  t h e  s o l u b i l i t y  o f  he l ium 
in t h e  same liquid a t  t h e  s a m e  t e m p e r a t u r e  and p r e s s u r e .  In t h e  compari-  
s o n  of  t h e  s o l u b i l i t y  o f  hydrogen i n  v a r i o u s  l i q u i d  components a t  t h e  
same p r e s s u r e  and t h e  same reduced t empera tu re  of t h e  l i q u i d  components, 
i t  a p p e a r s  t h a t  t h e  sys tem which shows l a r g e r  v a l u e s  o f  enhancement 
f a c t o r  i n  t h e  g a s  phase  t e n d s  t o  have h i g h e r  s o l u b i l i t y  o f  hydrogen 
i n  t h e  l i q u i d  phase .  But t h i s  r u l e  is  n o t  fo l lowed  i n  t h e  h e l i u m  
sys tems ;  t h e  s o l u b i l i t y  o f  h e l i u m  i n  l i q u i d  a r g o n  and l i q u i d  methane i s  
r e l a t i v e l y  lower  t h a n  expec ted .  
By means of  a thermodynamic e q u a t i o n  d e r i v e d  by Krichevsky-  
Kasarnovsky (68), t h e  thermodynamic H e n r y ' s  law c o n s t a n t  H~ t h e  p a r t i a l  
2  ' - 
molar  volume vrn and t h e  h e a t  of  s o l u t i o n   AH^ a r e  determined from t h e  
2 ' 2 
phase  e q u i l i b r i u m  d a t a .  The f u g a c i t y  o f  hydrogen i n  t h e  g a s  phase  was 
e v a l u a t e d  u s i n g  t.he v i r i a l  e q u a t i o n  o f  s t a t e .  
The method o f  P i e r o t t i  (92,  93,  94) i s  used i n  t h i s  work t o  p r e -  
d  i c t  t h e  t h e o r e t i c a l  v a l u e s  o f  H ~ ,  -co 
2 V 2 ,  AH' Lor t h e  hydrogen-carbon 2 
t e t r a f l u o r i d e  and t h e  hydrogen-ch loro t r i f luoromethane  sys tems.  The 
phase  e q u i l i b r i u m  d a t a  of  t h e  cor respond ing  he l ium systems o b t a i n e d  by 
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Yoon (132) a r e  used i n  t h i s  work t o  e x t r a c t  t h e  parameters  requi red  
f o r  t h i s  c a l c u l a t i o n .  For t he  hydrogen-carbon t e t r a f l u o r i d e  system, 
the method of P i e r o t t i  (92,  93, 94) p r e d i c t s  H z  va lues  which a r e  too 
low by a f a c t o r  of 4 a t  low tempera tures ;  the p r e d i c t i o n  shows 
b e t t e r  agreement wi th  experiment a t  h ighe r  temperatures .  For the  hydrogen- 
ch loro t r i f luoromethane  system, the  p red ic t ed  H~ va lues  a r e  about  10 
2  
percent  lower than the  experimental  va lues .  
P i e r o t t i  (92) has  suggested t h a t  t he  p r e d i c t i o n  may be considered 
t o  be s a t i s f a c t o r y ,  i f  t he  predic ted  H~ i s  w i t h i n  a  f a c t o r  of two of  2  
the observed H~ P i e r o t t i  (92)  has  a l s o  suggested t h a t  the  agreement 
2 
between the  experimental  and t h e o r e t i c a l  H; va lues  might be improved 
by us ing  a  c o r r e c t i o n  t o  t he  geometric mixing r u l e  f o r  t he  i n t e r a c t i o n  
energy. 
The disagreement between t h e  p red ic t ed  and experimental  Ha f o r  
2  
t h e  hydrogen-carbon t e t r a f l u o r i d e  system may a l s o  be caused by t h e  
unce r t a in ty  of the  LJCL parameters used i n  t h i s  c a l c u l a t i o n  and t h e  




From a tech.nica1 viewpoint, a l l  separat ion processes i n  chemical 
engineering a r e  dependent upon the p r inc ip les  of phase equ i l i b r i a ,  while 
from a theore t i ca l  point  of view, the phase equilibrium behavior of 
a system i s  characterized by the proper t ies  of i ts  components. The 
e f f o r t s  of phase equilibrium s tud ies  have always been to  generalize the 
phenomenon of phase equilibrium and t o  es tabl ish  r e l a t i ons  between 
theore t i ca l  predic t ions  and technical  appl ica t ions  by means of experi- 
mental values.  Whenever a theore t i ca l  model i s  developed, extensive 
experimental data  a r e  needed to  demonstrate the va l i d i t y  of the developed 
model and prove the u t i l i t y  f o r  technical  appl ica t ions .  
The purpose of t h i s  study was t o  examine the behavior of binary 
systems a t  low temperatures and high pressures,  mainly, the experimental 
work was t o  t e s t  the  theore t i ca l  equations developed from thermodynamic 
r e l a t i ons  f o r  pred.iction of gas-l iquid equ i l i b r i a  f o r  binary systems. 
It was a l s o  desired t o  study the  r e l a t i on  between the behavior of 
binary systems and. the molecular species involved. The character  of 
the systems studied i n  t h i s  work i s  that  one component, referred t o  a s  
component 1 i n  t h i s  study, i s  below i t s  c r i t i c a l  temperature, the  other 
component, referred t o  as  component 2 ,  i s  well  above i t s  c r i t i c a l  
temperature. The l iqu id  mixture i s  always assumed t o  be an idea l  
solut  ion. 
A s i n g l e  pas s ,  continuous-flow phase equ i l i b r ium appa ra tu s  
designed by Kirk  (61) and used by Ki rk  (61 ) ,  Mull ins  (87 ) ,  Liu (73) ,  
Garber (35) and Yoon (132) was used i n  t h i s  i n v e s t i g a t i o n  t o  experimen- 
t a l l y  determine phase equi l ib r ium compositions.  
The c o n s t r u c t i o n  and ope ra t i on  of  t h i s  appa ra tu s  was descr ibed  
i n  d e t a i l  by Ki rk  (61) ,  K i rk  and Z i e g l e r  (62) and w i l l  be  b r i e f l y  
descr ibed  i n  the  fol lowing chap te r .  Binary systems w i t h  helium a s  
component 2  p rev ious ly  s tud i ed  i n  t h i s  l abo ra to ry  are helium-argon 
by Mul l ins  (87) ,  helium-carbon d ioxide  by Liu (73) ,  helium-ethylene 
and helium-propylene by Garber (35), helium-carbon t e t r a f l u o r i d e  and 
helium-chlorotrifluoromethane by Yoon (132). Those w i th  hydrogen a s  
component 2 which have been p rev ious ly  s tud i ed  a r e  hydrogen-methane by 
Kirk  (61) and hydrogen-argon by Mull ins  (87 ) .  I n  o rde r  t o  c o n t r i b u t e  more 
d a t a  f o r  hydrogen systems f o r  the  purpose of comparison w i t h  helium 
systems, and t o  extend t h e  l im i t ed  a v a i l a b l e  phase equ i l i b r ium d a t a  f o r  
b ina ry  f luorocarbon systems, t h e  hydrogen-carbon t e t r a f l u o r i d e  and 
hydrogen ch loro t r i f luoromethane  systems were s e l e c t e d  f o r  t h i s  s tudy .  
From a  thermodynamic p o i n t  of view, i t  i s  r equ i r ed  t h a t  t he  
chemical p o t e n t i a l  of  each component i n  each phase must be t h e  same 
f o r  a system a t  equi l ib r ium.  For  a  two-phase b i n a r y  system, t h e  
fo l lowing  two r e l a t i o n s  must be m e t :  
From t h e  phase r u l e ,  t h e  number of degrees  of freedom i s  two f o r  
a two phase b ina ry  system i n  equi l ibr ium. I f  t he  temperature and p r e s s u r e  
of a  system a r e  f i x e d ,  a l l  t h e  i n t e n s i v e  p r o p e r t i e s  of the system a r e  
f ixed.  Then the compositions of two phases could be t h e o r e t i c a l l y  
obta ined  by so lv ing  t h e  fol lowing two independent equat ions  s imultaneously 
a t  the given temperature and pressure .  
Since some t h e o r e t i c a l  parameters i n  t hese  equat ions a r e  n o t  a v a i l a b l e ,  
experimental  l i q u i d  and vapor  compositions obta ined  from t h i s  work 
were used t o  e x t r a c t  those parameters.  
Based on the c r i t e r i o n  t h a t  t h e  chemical p o t e n t i a l  of component 
1 must be equal  i n  both phases,  exact  thermodynamic express ions  f o r  
t h e  enhancement f a c t o r  i n  terms of  measurable q u a n t i t i e s  have been 
derived by Dokoupil e t  a l .  (27 ) ,  K i rk  (61 ) ,  Kirk and Z i e g l e r  (62 ) ,  Kirk 
e t  a l .  ( 6 3 ) ,  Mullins (87), Liu ( 7 3 ) ,  Garber (35) ,  Smith e t  a l .  (116),  
P rausn i t z  e t  a l .  ( 97 ) ,  P rausn i t z  and Chueh (96) ,  Chiu and Canfield (15 ) ,  
Heck ( 4 3 ) ,  and Yoon (132).  The enhancement f a c t o r  i s  def ined  a s  t he  
r a t i o  of the a c t u a l  mole f r a c t i o n  t o  t he  i d e a l  mole f r a c t i o n  of component 
1 i n  the  gas phase a t  the system pressure  and temperature.  The i d e a l  
mole f r a c t i o n  of component 1 i n  the  gas phase i s  P /P, where P i s  t h e  
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vapor  p re s su re  of component 1 and P i s  the  t o t a l  p ressure  of the system. 
Thus, t he  enhancement f a c t o r  i s  0 = Pyl/Pol. The enhancement f a c t o r  
has long been used by many i n v e s t i g a t o r s  t o  desc r ibe  the composition 
of the gas phase and t o  i n d i c a t e  the non idea l i t y  of a gas  mixture.  
To express the  enhancement fac to r  exp l i c i t l y  i n  terms of measurable 
quan t i t i e s ,  one must have an adequate equation of s t a t e  t o  represent 
t h e  behavior of the gases involved. The equation of s t a t e  fo r  an idea l  
gas was derived from k ine t i c  theory based on the assumptions that  the 
volume of the molecules i s  negl ig ible  and the in te rac t ion  force between 
molecules is zero. Actually,  a l l  gases can be converted i n to  l iqu id  
and eventually so l i d i f i ed  t o  a f i n i t e  volume, thus the two assumptions 
above a r e  not acceptable for  r e a l  gases. 
The van der  Waals equation was the f i r s t  t o  include considerat ions 
o f  the volume and in te rac t ion  force of the molecules. But the over- 
simplif ied form of van der Waals equation l imited i t s  use f o r  p r ac t i c a l  
appl ica t ions  and i t  i s  chief ly  of  theore t i ca l  i n t e r e s t .  A good summary 
of equations of s t a t e  f o r  cryogenic purposes has been presented by 
Tsonopoulos and Prausnitz (124). Those equations a r e  the v i r i a l  equa- 
t i o n  of s t a t e  (107), Beattie-Bridgeman equation ( 3 ) ,  Benedict-Webb- 
Rubin equation (5,6,7) ,  Strobridge equation (120), Hirschfelder-Buehler- 
McGee-Sutton equation (47), Martin-Hou equation (76), Redlich-Kwong 
equation (103). Among those equations, the v i r i a l  equation of s t a t e  i s  
pa r t i cu la r ly  important due t o  i t s  firm theore t i ca l  foundation and was 
se lected fo r  use Tn t h i s  invest igat ion.  The Benedict-Webb-Rubin equation 
was a l s o  selected fo r  use, because i t .  represents a wider range of den- 
s i t y  f o r  both gas and l iquid  phases, and the  mixture ru les  f o r  t h i s  
equation a r e  f u l l y  developed. 
The v i r i a l  equation of s t a t e ,  which was o r i g ina l l y  proposed a s  
an empirical equation, was l a t e r  derived from s t a t i s t i c a l  mechanics 
(23, 48). I t  has been poss ible  t o  show by s t a t i s t i c a l  mechanics (78) 
o r  the  k i n e t i c  theory (25) of gases t h a t  the  v i r i a l  c o e f f i c i e n t s  of 
the  equat ion  a r e  r e l a t e d  t o  in te rmolecular  p o t e n t i a l  func t ions  desc r ib -  
ing  the  fo rce  between molecules. I f  a model of the in te rmolecular  
p o t e n t i a l  i s  def ined ,  t h e  second and t h i r d  v i r i a l  c o e f f i c i e n t s  can be 
descr ibed exac t ly  by two and t h r e e  body i n t e r a c t i o n s  of t he  intermolecu- 
l a r  p o t e n t i a l .  Due t o  t h e  l imi t ed  knowledge of  h igher  v i r i a l  c o e f f i c i e n t s ,  
t h e  v i r i a l  equat ion  of s t a t e  i s  l i m i t e d  t o  use  a t  moderate d e n s i t i e s .  
Two in te rmolecular  p o t e n t i a l  func t ions  a r e  used i n  t h i s  work 
to  c a l c u l a t e  the  second v i r i a l  c o e f f i c i e n t s ,  t h e  Lennard-Jones model 
which desc r ibes  t he  in te rmolecular  p o t e n t i a l  between compressible 
spheres  and the  Kihara model which desc r ibes  t he  in te rmolecular  p o t e n t i a l  
between molecules wi th  impenetrable cores .  The t h i r d  v i r i a l  c o e f f i c i e n t s  
used i n  t h i s  work a r e  ca l cu la t ed  from the Lennard-Jones model o r  from 
t h e  semi-empirical equat ion derived by Chueh and P rausn i t z  (16 ) .  For 
a gas mixture,  t he  mixture v i r i a l  c o e f f i c i e n t s  a r e  expressed i n  terms 
of mole f r a c t i o n s ,  and pure and i n t e r a c t i o n  v i r i a l  c o e f f i c i e n t s  as were 
given by Mayer ( 7 7 ) .  
Mull ins  (87), Hiza ( 4 9 ) ,  Chueh and P rausn i t z  (16) and Hiza and 
Duncan (50) found t h a t  the i n t e r a c t i o n  second v i r i a l  c o e f f i c i e n t s  c a l -  
cu l a t ed  from the ICihara model do n o t  agree  with experiment f o r  many 
helium systems. They a l s o  demonstrated t h a t  t h e  in t roduc t ion  of a 
co r r ec t ion  term (1-K ) t o  the  geometric mixing r u l e  f o r  the  Kihara 
12 
energy parameter would give a b e t t e r  f i t  between the t h e o r e t i c a l  and 
t h e  experimental  i n t e r a c t i o n  second v i r i a l  c o e f f i c i e n t s  f o r  the  helium 
systems. Hiza and Duncan (50) and Hiza,  Heck and Kidnay (51, 52) 
demonstrated t h a t  such a co r r ec t ion  fo r  hydrogen binary systems i s  
usually quite small. The correction term (1-K ) for the mixing rule 
12 
of the Kihara energy parameters are also experimentally determined for 
the two systems studied. 
Based on the thermodynamic criterion for phase equilibrium,that 
is, the chemical potential of component 2 must be the same for both 
phases, the Krichevsky and Kasarnovsky equation (68) was derived 
(35, 132). From the Krichevsky and Kasarnovsky equation, the thermodyna- 
mic Henry's law constant and partial molar volume were extracted by 
using the experimental phase equilibrium data obtained in this work. 
Because of the complex nature of liquid mixtures, many theories (46, 92, 
101, 105, 118) have been developed from various points 0.C view to 
correlate gas solubility data. Pierotti's method (92, 93, 94) which 
is based on the scaled particle theory was used in this work to predict 
the theoretical Henry's law constants, partial molar volumes at infinite 
dilution, and heat of solution of the two systems studied. 
A summary of binary systems studied by others has been given by 
Hiza (49). Many helium binary systems were summarized and analyzed 
by Liu (73), Garber (35), and Yoon (132). They concluded that most 
helium systems have enhancement factors less than three and the enhance- 
ment factors show a minimum on each isobar. The hydrogen systems in- 
cluding hydrogen-methane by Kirk (61), hydrogen-argon by Mullins (87), 
hydrogen-ethane by Hiza, Heck and Kidnay (52), hydrogen-ethylene by Hiza, 
Heck and Kidnay (51), hydrogen-carbon tetrafluoride and hydrogen- 
chlorotrifluoromethane obtained in this work are summarized for compari- 
son. 
CHAPTER I1 
EXPERIMEN TAL APPARATUS 
Desc r ip t i on  o f  Apparatus 
I n  gene ra l ,  t h r e e  types of appara tus  a r e  used t o  determine phase 
equ i l i b r ium compositions: t h e  s t a t i c  appa ra tu s ,  t h e  c losed  c i r c u l a t i o n  
appara tus  and t h e  flow-type appara tus .  
A s i ng l e -pas s  flow type  appa ra tu s  designed by Kirk  (61) ,  shown 
schemat ica l ly  i n  Figure 1, was used i n  t h i s  i n v e s t i g a t i o n  t o  measure 
t h e  phase equ i l i b r ium composi t ions.  This appa ra tu s  has  been descr ibed  
i n  d e t a i l  by Ki rk  and Z i e g l e r  ( 6 2 ) ,  and a l s o  by Mull ins  (87), Liu (73) ,  
Garber (35) and Yoon (132).  The appara tus  is  designed mainly f o r  phase 
equ i l i b r ium measurements a t  temperatures  between 65 K and room tempera- 
t u r e  and p r e s s u r e s  up t o  120 atm. The l i m i t i n g  f a c t o r s  of s e l e c t i n g  
a  proper  range f o r  a  system t o  be  s t u d i e d  a r e  t h e  s e n s i t i v i t y  of  t h e  
gas chromatographs and t h e  evapora t ion  rate of t h e  condensed phase. 
The b a s i c  concept o f  phase e q u i l i b r i a  r e q u i r e s  t h a t  a l l  i n t en -  
s i v e  p r o p e r t i e s  of a  system be  f ixed .  ii c r y o s t a t  i s  used f o r  t h e  purpose 
o f  main ta in ing  a  cons tan t  temperature  i n  the  system t o  be s tud i ed .  The 
c r y o s t a t  designed fo r  t h i s  purpose i n  t h i s  i n v e s t i g a t i o n  w i l l  be des-  
c r ibed  b r i e f l y  i n  terms o f  i t s  use.  An equ i l i b r ium c e l l ,  i n  which phase 
equ i l i b r ium is  e s t a b l i s h e d ,  is  loca t ed  i n  a  copper b lock  c r y o s t a t .  
The equ i l i b r ium c e l l  c o n s i s t s  p r i m a r i l y  of a n ine  pound copper body 
wi th  a n  i n t e r n a l  volume o f  40 cc.  Both ends o f  t he  c e l l  a r e  c losed wi th  
threaded monel p lugs  s ea l ed  w i th  s o f t  s o l d e r .  The lower s e c t i o n  

conta ins  a  copper s p i r a l  f o r  t h e  purpose of i nc reas ing  the con tac t  time 
o f  t he  two phases;  the  upper s e c t i o n  is packed wi th  copper shavings. 
A l i q u i d  n i t rogen  con ta ine r  i s  connected t o  the copper-block by two 
tubes through which the  r e f r i g e r a n t  may be i n j e c t e d  i n t o  t h e  copper- 
block. To be the1:mally i s o l a t e d  from the environment, the copper-block 
and the  r e f r i g e r a n t  con ta ine r  a r e  suspended i n s i d e  an evacuated con ta ine r  
f i l l e d  wi th  powder i n s u l a t i o n  which conta ins  metal  f l a k e s  (Linde CS-5 
powder). The vacuum i s  maintained by  a mechanical pump. The  des i red  
temperature of the  equi l ibr ium c e l l  was ad jus t ed  by means of a  s l i g h t  
excess of  l i q u i d  n i t rogen  and balancing the  cool ing  r a t e  by an  au tomat i -  
c a l l y  c o n t r o l l e d  e l e c t r i c  h e a t e r  wrapped on the  e x t e r n a l  j acke t .  The 
energy input  t o  t h e  h e a t e r  was c o n t r o l l e d  by a  p h o t o e l e c t r i c  propor- 
t i o n a l  sens ing  device.  The pressure  i n  the n i t rogen  con ta ine r  was 
maintained s l i g h t l y  h ighe r  than atmospheric p re s su re  by a  d i f f e r e n t i a l  
r e g u l a t o r .  The flow r a t e  of l i q u i d  n i t rogen  was con t ro l l ed  by a  flow 
meter a s  we l l .  A galvanometer l i g h t ,  which d e f l e c t s  p ropor t iona l ly  
t o  t he  temperature d i f f e r e n c e s ,  was ad jus ted  such t h a t  a s  i t  s t r i k e s  
the pho toce l l ,  t he re  i s  a n  inc rease  of energy suppl ied t o  the equi l ibr ium 
c e l l .  With t h i s  c o n t r o l  t he  temperature could be maintained w i t h i n  + 
0.03 K of the s e t  temperature.  
The system temperature was measured by a  capsule- type plat inum 
r e i s t a n c e  thermometer mounted i n  a  we l l  w i th in  the  c e l l .  The r e s i s -  
tance thermometer was manufactured by Leeds and Northrup company and 
has been c a l i b r a t e d  by the  Nat iona l  Bureau of  Standards on the  tempera- 
t u re  s c a l e  of 1948 (IPTS-48) above 90.18 K .  The temperatures repor ted  
i n  t h i s  work have been co r rec t ed  t o  1968 s c a l e  (IPTS-68) a s  d iscussed  
i n  Appendix A . The temperature g rad ien t s  a long  t h e  equi l ibrum 
c e l l  were measured by seve ra l  thermocouples and thermopiles  mounted 
on t h e  c e l l .  The thermocouples a l s o  serve  t o  monitor t he  c e l l  tempera- 
t u re .  The p re s su re  of t h e  system was regula ted  by a se l f -conta ined  
pressure  device and measured by two Bourdon p re s su re  gauges having 
d i f f e r e n t  p re s su re  ranges. The high p re s su re  gauge G 1  covers  t h e  range 
from 0 t o  3000 ps ig .  The low p res su re  gauge G2, covers  t h e  range from 
0 t o  600 ps ig .  At:tached t o  i t  was a 570 p s i g  cu t -of f  u n i t  t o  p r o t e c t  
the  gauge from excess  pressure .  Tne unce r t a in ty  of the p re s su re  measure- 
ment is  be l ieved  t o  be l e s s  than 0.5 percent  of  t he  ind ica t ed  p re s su re .  
(See Appendix A)  . 
The sample c o l l e c t i o n  panel  inc ludes  a mercury- f i l l ed  g l a s s  
b u r e t t e  t o  c o l l e c t  t he  vaporized l i q u i d  sample f o r  a n a l y s i s .  A Perkin-  
Elmer Vapor Fractometer Model 154 B was used t o  ana lyze  t h e  l i q u i d  
sample. The gas sample flows cont inuously from the  c e l l  t o  a copper 
b u r e t t e  a t t ached  t o  t h e  ana lyzer .  The gas sample c o l l e c t e d  i n  t he  
copper b u r e t t e  car1 be i s o l a t e d  from t h e  flowing gas stream. The flow 
r a t e  of the  gas w a s  measured by a w e t - t e s t  meter. A gas sample c o l l e c t e d  
i n  t he  copper b u r e t t e  i s  analyzed by a Perkin-Elmer Vapor Fractometer 
Model 154D. 
The ope ra t ing  cond i t i ons ,  the  s e l e c t i o n  of t h e  s e p a r a t i o n  columns 
and the  c a l i b r a t i o n  of t h e  two gas chromatographs a r e  descr ibed  i n  
Appendix C . 
Experimental Procedure 
Before t h e  experiment i s  s t a r t e d ,  t he  equ i l i b r ium c e l l  and the  
n i t rogen  con ta ine r  a r e  f lushed wi th  d ry  hydrogen and n i t r o g e n  r e spec t ive -  
l y ,  u n t i l  no a i r  o r  any condensibles  remained i n  t he  system. The 
junc t ions  of the gas l i n e  a r e  checked t o  a s s u r e  t h a t  t h e r e  i s  no leakage. 
Good insula.tior1 of t h e  copper block i s  necessary  f o r  p r e c i s e  
temperature con t ro l .  The space conta in ing  i n s u l a t i o n  powder was evaeua- 
ted by a  mechanical pump t o  main ta in  a vacuum of 0.07 t o r r  a t  the  top 
and about 0.05 t o r r  a t  the  bottom. When these  p repa ra t ions  a r e  com- 
p l e t e d ,  l i q u i d  n i t rogen  i s  added t o  t h e  r e f r i g e r a n t  con ta ine r .  While 
f i l l i n g  the  l i q u i d  n i t rogen ,  the  t h r o t t l e  va lve  and the r e g u l a t o r  a r e  
f u l l y  open. A f t e r  t he  con ta ine r  i s  f u l l ,  t h e  f i l l i n g  l i n e  and the  
r egu la to r  are c losed .  W i t h  the t h r o t t l e  va lve  wide open, i t  takes 
about  5 hours  and 3 l i t e r s  of  l i q u i d  n i t rogen  t o  cool  t he  system from 
room temperature t o  t he  cryogenic region.  Once the  c e l l  temperature 
approaches the  des i red  temperature,  t he  r e f r i g e r a t i o n  r a t e  and the  
hea t ing  r a t e  a r e  s o  ad jus ted  t h a t  the  r e f r i g e r a t i o n  r a t e  i s  s l i g h t l y  
h ighe r  than the  hea t ing  r a t e .  Meanwhile the  p o s i t i o n  of t h e  galvano- 
meter l i g h t  of the automatic  c o n t r o l l e r  i s  ad jus t ed  s o  t h a t  whenever 
the  c e l l  temperature i s  lower than the  temperature des i r ed  t h e  l i g h t  
w i l l  h i t  a  photo c e l l  and cause an inc rease  of energy t o  i nc rease  the  
system temperature.  The c e l l  temperature can be  c o n t r o l l e d  au toma t i ca l ly  
w i th in  - + O.,O3 K by t h i s  automatic  c o n t r o l l e r .  TWO l i t e r s  of l i q u i d  
n i t rogen  a r e  s u f f i c i e n t  f o r  20 hours  opera t ion .  
While a d j u s t i n g  the  temperature of  t he  c e l l ,  t h e  des i r ed  p re s su re  
of the equi l ibr ium c e l l  i s  s e t  by t h e  p re s su re  r e g u l a t i n g  valve.  The 
gas flow r a t e  from the  equi l ibr ium c e l l  i s  s e t  a t  100 c c / h r  ( a t  c e l l  
temperature and p re s su re )  by a d j u s t i n g  the  flow r a t e  r e g u l a t i n g  va lve  
and measured by the  we t - t e s t  meter. During t h i s  s t a g e ,  va lves  V 
1' v2' 
V3' V and V i n  F igure  1 a r e  opened, and V5, 8 9 V6, V7 and V a r e  c losed .  10  
Valve V i s  opened for  the low p res su re  range only. With V V and 4 5' 6 
Vll  c losed ,  the  high p re s su re  gas b u r e t t e  i s  evacuated by a mechanical 
vacuum pump and then  f i l l e d  wi th  known amount of component 1. The 
gas p re s su re  i n  t'?e b u r e t t e  is measured by gauge G 3 .  Approximately 11 
cc  of pure l i q u i d  component 1 i s  introduced i n t o  the  c e l l  by opening 
V5' V and c l o s i n g  V About 5 cc  of  t h e  l i q u i d  sample i s  above t h e  
6 2 ' 
end of the l i q u i d  sampling l i n e .  Too much l i q u i d  sample w i l l  cause 
undes i rab le  entrainment  of l i q u i d  i n  the  gas phase. 
Since the l i q u i d  l e v e l  i n d i c a t o r  was n o t  working a t  t h e  time of 
t h i s  work, the l i q u i d  l e v e l  was est imated from the  gas flow r a t e s ,  
compositions of t he  gas and the l i q u i d  phases and amount of  l i q u i d  sample 
taken f o r  a n a l y s i s .  The l i q u i d  l e v e l  w a s  a l s o  determined by withdrawing 
the  l i q u i d  sample continuously and ana lyz ing  u n t i l  a  l a r g e  amount of 
hydrogen was de t ec t ed .  Five c c  of  l i q u i d  was reintroduced a f t e r  the  l i q u i d  
l e v e l  was detec ted .  
A f t e r  the  des i r ed  temperature and p re s su re  of the  system a r e  
e s t a b l i s h e d ,  the gas phase i s  analyzed by the  154D gas chromatograph 
a t  15-minute i n t e r v a l s  u n t i l  t he  d i f f e r e n c e s  of t he  peak h e i g h t  a r e  
l e s s  than 2 percent .  When equi l ibr ium was e s t a b l i s h e d ,  t h r e e  continuous 
gas samples were analyzed and recorded.  The l i q u i d  sample i s  c o l l e c t e d  
using the sample c o l l e c t i n g  panel  and analyzed by t h e  154B gas 
chromatograph. A t  l e a s t  two ana lyses  were made f o r  each gas sample s o  
c o l l e c t e d .  
Throughout t h i s  work, the  temperature g rad ien t s  of the  c e l l  were 
measured a t  each experimental po in t  and were always found t o  be l e s s  
than 0.03 K. It took approximately two hours for the measurement of 
each data point on an isotherm. 
CHAPTER 111 
EXPERIMENTAL RESULTS AND DISCUSSION 
Experimental compositions of the equilibrium gas and liquid 
phases of hydrogen-carbon tetrafluoride and hydrogen-chlorotrifluoro- 
methane system measured in this work are shown in Figure 2 through 
Figure 7. The gas phase compositions are presented in terms of enhance- 
ment factors. The detailed experimental data and smoothed values are 
presented in Appendix D and Appendix E , respectively . The experimental 
K values (Ki = yi/xi) are also shown in Appendix D. 
Six isotherms for the hydrogen-carbon tetrafluoride system ranging 
from 94.94 to 164.. g g ~  and seven isotherms for the hydrogen-chlorotri- 
fluoromethane system ranging from 134.97 to219.99~were studied from 20 
to 120 atm at intervals of 20 am. 
Since no other experimental data are available for hydrogen- 
carbon tetrafluoride and hydrogen-chlorotrifluoromethane systems, the 
results of this investigation are compared to those of the hydrogen- 
argon system investigated by Mullins (87), hydrogen-methane by Kirk 
(61), hydrogen-ethylene by Hiza, Heck and Kidnay (51) and hydrogen- 
ethane by Hiza, Heck and Kidnay (52). Comparisons are also made for 
the corresponding helium systems, which are helium-methane by Heck and 
Hiza (44), helium-argon by Mullins (87 ) ,  helium-ethylene by Garber (35), 
helium-ethane by Hiza and Duncan (50) and Heck (43), helium-carbon 
tetrafluoride and helium-chlorotrifluoromethane by Yoon (132). 
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Figure 3 .  Experimental Enhancement Factors of Carbon ~ e t r a f l u o r i d e  
i n  Hydrogen along Isobars. 
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Figure 6. Experimental Enhancement Factors of Chlorotrifluoro- 
methane i n  Hydrogen along Isobars. 
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Figure  7.  Experimental Solubility of Hydrogen in  Liquid Chlorotri- 
fluorome thane. 
The compari.sons a r e  made a t  the same p re s su re  and reduced 
temperature of  con~ponent 1 i n  an  a t tempt  t o  g ive  a c l u e  t o  the funda- 
mental  relations11i.p between the  molecular spec ies  and i n t e r a c t i o n  involved. 
Experimental Resu l t s  
The equ i l i b r ium gas phase compositions f o r  t he  hydrogen-carbon 
t e t r a f l u o r i d e  system measured a long  s i x  isotherms of 94.94, 105.01, 
119.94, 135.01, 149.98 and 164.99 K a r e  shown i n  F igure  2 i n  terms of 
enhancement f a c t o r s .  The da t a  po in t s  shown on the  f i g u r e s  a r e  t h e  
average va lues  of t h ree  o r  more experimental p o i n t s  a t  the  given 
temperature and p re s su re .  The e r r o r  of t he  enhancement f a c t o r  measurement 
i s  be l ieved  to  be l e s s  than 2.5 percent .  Each smoothed curve i s  obtained 
by  t he  method of l e a s t  squares  t o  f i t  t he  experimental d a t a  t o  a poly- 
nomial, except  the  low end i s  drawn by eye s o  t h a t  the  curve i n t e r s e c t s  
the a b s c i s s a  a t  the vapor p re s su re  of carbon t e t r a f l u o r i d e .  Deviat ions 
o f  the experimental  d a t a  from the  va lues  on t h e  smoothed curve a r e  
always l e s s  than 2 percent  which i s  c o n s i s t e n t  wi th  the  2.5 percent  
e r r o r  claimed above. Figure 3 shows s i x  i soba r s  of  the  enhancement 
f a c t o r s  which were obtained from the  f i t t e d  polynomials a t  smoothed 
p re s su res .  
The l i q u i d  phase compositions measured a t  corresponding tempera- 
t u r e s  and p re s su res  a r e  shown i n  F igure  4. These smoothed curves were 
a l s o  obtained by the  l ea s t - squa res  f i t t i n g  method. The experimental  
e r r o r  of l i q u i d  phase compositions i s  be l ieved  t o  be l e s s  than  2 percent  
and the d e v i a t i o n  of  experimental  p o i n t s  from the  smoothed curve i s  
always l e s s  than 2 percent .  The smoothed experimental va lues  a r e  shown 
i n  Table 13 i n  Appendix E . 
Simi l a r  t rea tments  of d a t a  a r e  appl ied  t o  t h e  experimental  d a t a  
of t h e  hydrogen-chlorotrifluoromethane system. Seven isotherms of t he  
enhancement facto:rs measured a t  134.97, 145.02, 160.02, 175.02, 189.97, 
205.03 and 219.99 K a r e  shown i n  F igure  5. S i x  i s o b a r s  a r e  shown i n  
F igure  6 a t  s i x  smoothed pressures .  The l i q u i d  phase compositions 
p l o t t e d  isotherma' l ly  a g a i n s t  p re s su re  a r e  shown i n  F igure  7.  The 
experimental e r r o r  i n  composition measurement i s  be l ieved  t o  be l e s s  
than 3 percent  f o r  the vapor phase and 2 percent  f o r  t he  l i q u i d  phase. 
The dev ia t ion  of d a t a  p o i n t s  from t h e  smoothed curve i s  always l e s s  than 
2 percent .  The smoothed experimental d a t a  a r e  shown i n  Table 14 i n  
Appendix E . 
The unce r t a in ty  of the  experimental r e s u l t s  was est imated from 
the s c a t t e r  i n  the  chromatograph c a l i b r a t i o n  curves ,  t he  p re s su re  
gauge unce r t a in ty  of 0.5 percent  and the  unce r t a in ty  of temperature 
measurement a t  + 0.03 K .  The experimental p o i n t s  s c a t t e r  a long  a n  
isotherm wi th in  t h e  est imated unce r t a in ty  expected. 
Discussion of Resu l t s  
The s i x  isotherms and s i x  i soba r s  of the  hydrogen-carbon t e t r a -  
f l u o r i d e  system presented  i n  Figure 2 and Figure  3 show t h e  genera l  
t rends  of t h e  system. The enhancement f a c t o r s  range from 1.26 t o  20.86 
and the  gas phase compositions range from 0.0282 t o  12.20 mole percent  
of carbon t e t r a f l u o r i d e .  The enhancement f a c t o r s  of t h i s  sys  t e n  
decrease  monotonously as temperature i nc reases .  F igure  5 and Figure  6 
p re sen t  seven isotherms and s i x  i soba r s  of t he  hydrogen-chloro t r i f luo-  
romethane system. The enhancement f a c t o r s  o f  t h i s  system range from 
1.18 t o  6.73 and the  gas  phase compositions range from 0.0587 t o  21.69 
mole pe rcen t  o f  ch loro t r i f luoromethane .  
The s o l u b i l i t y  of hydrogen i n  carbon t e t r a f l u o r i d e  ranges from 
0.466 t o  8.97 mole percent .  The s o l u b i l i t y  of hydrogen i n  c h l o r o t r i -  
fluoromethane ranges from 0.740 t o  10.54 mole percent .  From Figure  4 
and Figure 7 i t  is seen t h a t  t h e  s o l u b i l i t y  of hydrogen f o r  t he se  two 
systems inc reases  a s  temperature  i nc reases  and t h e  s o l u b i l i t y  curves  
bend downward a t  high p re s su re s .  Both systems show r e v e r s e  s o l u b i l i t y  
e f f e c t  and nega t ive  dev ia t i on  from ~ e n r y  ' s l a w .  These a r e  c h a r a c t e r i s -  
t i c s  of  hydrogen and hel ium s o l u b i l i t y  exh ib i t ed  by most cryogenic  
f l u i d s .  
S ince  a flow type phase equ i l i b r ium appara tus  was used i n  t h i s  
work, t he  composition measured may be a s teady  state composition and 
n o t  an  equ i l i b r ium composition i f  thegae flow r a t e  from the  equ i l i b r ium 
c e l l  i s  too f a s t .  Ki rk  (61) ,  Mull ins  (87) ,  Liu (73) ,  Garber (35) ,  
and Yoon (132) have a l l  v e r i f i e d  t h a t  a flow r a t e  of 100 c c / h r  a t  t he  
c e l l  temperature  and p re s su re  i s  s u f f i c i e n t  t o  e s t a b l i s h  equ i l i b r ium 
f o r  t h e  He-X(XaAr(87). C02(73), C 2 ~ 6 ( 3 5 ) ,  C2H4(35), CF4(132), CC1F3(132)) 
and H Z - X  (X=Ar(87), CH (61) )  systems s t u d i e d  by them. I n  o rde r  t o  a s s u r e  4 
t h a t  t h e  same flow r a t e  i s  adequate  f o r  the  systems s tud i ed  h e r e ,  four  
d a t a  p o i n t s  of each system were repea ted  a t  va r ious  flow r a t e s .  I n  
t he  hydrogen-carbon t e t r a f l u o r i d e  system, two p o i n t s  a t  20 atm and 120 
a t m  on the  lowest isotherm,  94.94 K ,  were r e r u n  a t  twice t he  normal 
flow r a t e ,  and a t  one-half t he  normal flow r a t e .  The datum p o i n t  a t  100 
atm on the  h ighes t  isotherm, 164.99 K ,  was repea ted  a t  one-half the normal 
flow r a t e .  The p o i n t  a t  40 atm o f  t he  h ighes t  i so therm was run a t  t h e  
normal flow r a t e ,  and equ i l i b r ium was reached by i n c r e a s i n g  t h e  p re s su re  
from 20 a t m  t o  t h e  equ i l i b r ium p re s su re .  Th i s  was repeated twice a t  
f low r a t e s  of 200 c c / h r  and 50 c c / h r  r e s p e c t i v e l y ,  b u t  equ i l i b r ium was 
reached by dec reas ing  t h e  p re s su re  from 60 a t m  t o  t he  equ i l i b r ium 
p re s su re .  A l l  of  t he se  d a t a  p o i n t s  f e l l  w i t h i n  t h e  es t imated  uncer- 
t a i n t y .  This experiment n o t  on ly  demonstrated t h a t  the  recommended 
flow r a t e  i s  adequate  f o r  t h i s  work, bu t  a l s o  proved t h a t  the composi- 
t i o n s  a r e  not  chimged when equ i l i b r ium is  reached from t h e  low o r  high 
p r e s s u r e  s i d e .  :Cn t h e  hydrogen-chlorotrifluoromethane system, four 
p o i n t s  a t  20 atm and 120 atm on the  lowest and t h e  h ighes t  isotherm were 
repeated.  Each p o i n t  was r e run  a t  t h r e e  d i f f e r e n t  flow r a t e s .  The 
d a t a  p o i n t s  a l s o  f e l l  w i t h i n  t h e  es t imated  u n c e r t a i n t i e s .  
For purposes  of comparison of t h e  hydrogen and helium systems,  
t he  experimental  vapor  phase compositions of  s i x  helium systems a t  60 
and 120 atm, and t h e  corresponding s i x  hydrogen systems a r e  summarized 
i n  Figure 8 through Figure  11. The l i q u i d  phase compositions a r e  a l s o  
shown i n  F igure  12 through Figure 15. The experimental  d a t a  a r e  
p l o t t e d  a g a i n s t  t h e  reduced temperature of  component 1. The helium 
systems inc lude  helium-argon (87) ,  helium-methane (44) ,  helium-ethane (43, 
50), helium-ethylene (35,50),  helium-carbon t e t r a f l u o r i d e  and helium- 
ch loro t r i f luoromethane  (132).  Tl ie  experimental  d a t a  of t h e  helium 
systems a s  smoothed by Liu ( 7 3 ) ,  Garber (35) ,  and Yoon (132) were used 
i n  t h i s  comparison. The corresponding hydrogen systems are hydrogen- 
a rgon  (87),  hydrogen-methane (61 ) ,  hydrogen-ethane ( 5 2 ) ,  hydrogen- 
e thy l ene  (51) ,  and hydrogen-carbon t e t r a f l u o r i d e  and hydrogen- 
0 HZ-CF4 This Work 
H ~ -  CC1F3 This Work 
H Z  - Ar Mull ins  (87) . H~ - C H ~  Kirk (61) 
A H z  - C2H6 Hiza e t  a l .  (52) 
A H 2  - C2HL Hiza e t  al. (51) 
Figure 8.  Experimental Enhancement Factors of Six Hydrogen 
Systems a t  120 atm. 
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Figure 10. Experimental Enhancement Factors of Six Hydrogen 
Systems a t  60 atm. 
8 .  
7 .  
I t I 1 
- 
6 - H 2  - CH4 Kirk (61) - 
A H2 - C2H6 Hiza, Heck 
& Kidnay (52) 
5 - A H2 - C H Hiza, Heck 




3 - " 
2 - -L 
1 
I He-C2H4 Garber (35) I I 1 I 1 
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 . O  
T ~ l  
Figure 11. Experimental Enhancement Factors of Six Helium 
Systems a t  60 atm. 
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Figu re  :L2. Experimental S o l u b i l i t y  o f  Hydrogen a t  120 a t m .  
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Figure 13. E:xperimental Solubi l i ty  of Helium a t  120 atm. 
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Figure 14. Experimental Solubility of Hydrogen a t  60 atm. 
0 He - C:F4 Y00n (132) 
He - CC1F3 Yoon (132) 
. He - A r  Mullins (87 )  
Heck e t  a l .  (44.) 
Heck (43) 
Garber (35) 
Figure 15. Experimental S o l u b i l i t y  of Helium a t  60 atm. 
chloro t r i f luoromethane  from t h i s  work. The experimental phase e q u i l i -  
brium d a t a  of the hydrogen systems have been smoothed i n  t h i s  work as 
shown i n  Table 15 through Table 18 i n  Appendix E.  The comparisons a r e  
made a t  60 and 120 a t m ;  t h e  phase equ i l i b r ium d a t a  f o r  a l l  t he  systems 
considered he re  a r e  no t  a v a i l a b l e  a t  lower pressure .  
Hiza (50), Garber ( 3 5 ) ,  and Yoon (132) poin ted  out  t h a t  a p l o t  
of t he  enhancement f a c t o r  of  helium systems u s u a l l y  s h w s  a minimum 
on the  i soba r  and t h a t  t h e  v a l u e s  of the  enhancement f a c t o r  u sua l ly  
range between one and t h r e e  i n  t h e  l iquid-vapor  reg ion  a t  pressures  up 
to 120 atm. These two i n t e r e s t i n g  phenomena a r e  demonstrated i n  F igure  
9 and 11. The corresponding p l o t  f o r  t h e  hydrogen systems i n  F igure  8 
and 10 show t h a t  t he  enhancement f a c t o r s  f o r  t he  hydrogen system a r e  
much higher  than  the  corresponding helium system a t  the  same reduced 
temperature,  and t h a t  the  enhancement f a c t o r s  decrease  monotonously 
a s  temperature i nc reases .  The r e l a t i v e  p o s i t i o n  of  each i soba r  of t he  
hydrogen systems i s  q u i t e  s i m i l a r  t o  t h a t  of the  helium systems, except  
t h a t  the  pos i t i ons  of the  i soba r  of the  hydrogen-methane and the  hydrogen- 
carbon t e t r a £  l u o r i d e  a r e  reversed.  Although i t  is  a complicated ma t t e r  
t o  g ive  a conclusion f o r  t h i s  phenomenon, two f a c t s  pointed out  by Yoon 
(132) f o r  the h e l i u n  systems s t i l l  hold f o r  the  hydrogen systems. Thus, 
a t  t h e  same p re s su re  and reduced temperature,  
T ~ l  ' t h e  hydrogen-sa tu ra t ed  
hydrocarbon system shows a g r e a t e r  enhancement f a c t o r  than  t h e  hydrogen- 
unsaturated hydrocarbon system, and the  hydrogen b ina ry  system with 
s p h e r i c a l  molecules g ives  a g r e a t e r  enhancement f a c t o r  than t h a t  with 
l e s s  s p h e r i c a l  molecules,  
Comparison of t he  s i x  helium systems a t  t he  same p re s su re  and 
reduced temperature , 
T ~ l '  
shows ( s e e  Table 2) t h a t  t h e  helium system 
wi th  tlie l a r g e r  i o n i z a t i o n  p o t e n t i a l  of component 1 e x h i b i t s  t he  l a r g e r  
enhancement f a c t o r s .  This phenomenon i s  a l s o  t r u e  f o r  t he  s i x  hydrogen 
system summarized, except  t he  order  of t he  hydrogen-carbon t e t r a f l u o r i d e  
and hydrogen-methane systems i s  reversed.  I n  comparison of the  l i q u i d  
phases a t  the  same p re s su re  and reduced temperature,  TR1, F igures  12 
and 14 show t h a t  a hydrogen system which has l a r g e r  va lues  of enhance- 
ment f a c t o r s  tends t o  have h ighe r  s o l u b i l i t y  of hydrogen i n  the  l i q u i d  
phase. F igu res  13 and 15  show t h a t  t h e  s o l u b i l i t y  of  helium i n  argon 
and methane i s  r e l a t i v e l y  lower,  whi le  t h e  s o l u b i l i t y  of hydrogen i n  
argon and methane i s  r e l a t i v e l y  h ighe r  than  the  o t h e r s .  
From the  l imi t ed  phase equ i l i b r ium d a t a  summarized i n  t h i s  work, 
t h e  information i s  n o t  s u f f i c i e n t  t o  g ive  a more s p e c i f i c  conclusion 
on the observed phenomena. It may be i n t e r e s t i n g  t o  compare the  phase 
equi l ibr ium d a t a  of  some o t h e r  b inary  systems, and hopefu l ly ,  a c l e a r e r  
p i c t u r e  can be seen. Perhaps, both the  i o n i z a t i o n  p o t e n t i a l  and the  
p o l a r i z a b i l i t y  of d i f f e r e n t  spec i e s  must be taken i n t o  cons ide ra t ion  
i n  t h i s  kind of comparison, s i n c e  tile two q u a n t i t i e s  a r e  r e l a t e d  t o  
the  i n t e r a c t i o n  forcesof  the  spec i e s  involved. 
CHAPTER IV 
'Ic 
CALCULATION OF ENHANCEMENT FACTOR 
In t roduc t ion  
From the phase r u l e ,  i t  i s  known t h a t  the  number of degrees of 
freedom i s  two f o r  a b ina ry  system w i t h  two phases i n  equi l ibr ium. 
I f  t h e  temperature and p re s su re  of t h e  system a r e  f i xed  then  the  o t h e r  
intensive variables are fixed and the cond i t i on  of the system a t  
equ i l i b r ium can be defined.  
From a thernodynamic po in t  of view, the  chemical p o t e n t i a l  of 
a component must have the  same va lue  i n  every  phase f o r  a system i n  
e q u i l i b r i m  a t  a g iven  temperature and pressure .  Therefore the  fol lowing 
r e l a t i o n s  of  the condensible  component 1 and the  more v o l a t i l e  component 
2 f o r  a b inary  system w i l l  hold. 
(IV- 1)  
These two equat ions  can be expressed i n  terms of measurable 
q u a n t i t i e s  and w i l l  be d iscussed  s e p a r a t e l y  l a t e r .  I f  a l l  t h e o r e t i c a l  
parameters i n  t h e s e  two equat ions  a r e  a v a i l a b l e ,  the  t h e o r e t i c a l  vapor 
and l i q u i d  composition a t  a given temperature and pressure  can be ob- 
* The development given i n  t h i s  chap te r  fol lows c l o s e l y  t h a t  given by 
Yoon (132) .  
t a ined  by solving these two equations simultaneously. Since none of 
the t h e o r e t i c a l  parameters a r e  ava i l ab le ,  seve ra l  assumptions must be 
made o r  some t h e o r e t i c a l  parameters must be ex t rac ted  from the  experimen- 
t a l  da ta  of o ther  inves t iga tors .  While no attempt was made in  t h i s  study 
t o  so lve  these two equations simultaneously, c e r t a i n  of the  t h e o r e t i c a l  
parameters were ext rac ted  from the  experimental da ta  of t h i s  inves t iga-  
t i o n  through the  use of these equations. An expression of Equation 
(IV-1) i n  terms of measurable q u a n t i t i e s  w i l l  be derived and discussed 
i n  t h i s  chapter .  The ex t rac t ion  of  the  i n t e r a c t i o n  second v i r i a l  
coe f f i c i en t  from Equation (IV-1) and of the  thermodynamic Henry's law 
constant  and the p a r t i a l  molar volume from Equation (IV-2) w i l l  be 
discussed i n  Chapter V and Chapter V I  respectively.  
The chemical p o t e n t i a l  of component 1 i n  the  l i q u i d  mixture can 
be expressed by the  r e l a t ion  
"I, 
where pl (P,T) is  the chemical p o t e n t i a l  of pure component 1 a t  the  
same temperature and pressure ,  and ( is the  a c t i v i t y  c o e f f i c i e n t  which 
approaches un i ty  a s  xl approaches uni ty .  
From the c r i t e r i a  f o r  phase equil ibrium, the chemical p o t e n t i a l  
of the pure gas must be equal t o  t h a t  o f t h e  pure l iqu id  a t  i t s  sa tura-  
t i o n  pressure P 
01' 
The chemical p o t e n t i a l  of a pure l i q u i d  a t  temperature T and 
pressure P i s  r e l a t e d  t o  i t s  chemical p o t e n t i a l  a t  the sa tu ra t ion  
pressure P by: 
0 1 
Ry combining Equations (IV-3), (IV-4) and (IV-5) the chemical po ten t i a l  
of the l i q u i d  mixture becomes: 
where 
The chemical p o t e n t i a l  of component 1 i n  a binary gas mixture is  
Combining Equation (IV-1) , (IV-6), (IV-7) and (IV-8) the following 
equation i s  obtained. 
where ( ~ = P ~ ~ / P ~ ~  i s  defined a s  the enhancement fac tor  of component 1 
in  the gas mixture i n  equilibrium with the l iquid phase. Equation (IV-9) 
has been reported by several  investigators(35,  61, 62, 63, 73, 87 ,  132). 
To ca lcu la te  the theore t ica l  enhancement fac tor  from Equation 
(IV-9) , the following information is required. 
1. Composition of l iquid  phase. 
2. Experimental data  o r  an assumption fo r  yi. 
3. Molar volume of pure l iqu id  component 1 a s  a function of 
temperature and pressure. 
4. Vapor pressure of component 1. 
5. Equation of s t a t e  f o r  the gas mixture and the gas phase 
of pure component 1. 
In  the absence of a sa t i s fac tory  theore t ica l  model for  the l iquid  
phase, the l i qu id  phase campositions cannot be obtained by solving 
Equation (IV-1) and Equation (IV-2). The experimental l iquid  composi- 
t ions measured i n  th i s  work were used in  the calcula t ion of the theore- 
t i c a l  enhancement factors.  It may be noted t ha t  since the so lub i l i t y  
of hydrogen i n  the l iquid  phase fo r  the hydrogen-carbon te t ra f luor ide  
and hydrogen-chlorotrifluoromethane system i s  l e s s  than 10 percent,  
el imination of 0.1 x term in  Equation(N-9) would have caused a maximum 
1 
e r ro r  of 10 percent in  the enhancement fac tor  calculation.  Since the 
l iquid  compositions a re  always l e s s  than 10 percent,  an i dea l  solut ion 
can be assumed without great  e r r o r  and y' becomes unity in  t h i s  calcula-  1 
tion.  From the analysis  of the phase equilibrium data  of t h i s  work 
(see Appendix H ) ,  i t  i s  qu i te  s a t i s f ac to ry  t o  assume an idea l  solut ion 
model i n  t h i s  calcula t ion.  
To express the molar volume of the condensed phase a s  a function 
of pressure,  a generalized cor re la t ion  fo r  the compress ibi l i t ies  of 
normal l iquids  derived by Chueh and Prausnitz (19) has been used f o r  
t h i s  purpose. The molar volume of  l iqu id  a t  a given temperature i s  
expressed as a function of pressure a s  follows: 
where v and P a r e  the sa tura ted l iqu id  molar volume and the vapor 
0 1 0 1 
pressure of the condensed phase, B~ i s  the isothermal compressibil i ty 
of the sa tura ted l iqu id  and n is an empirical constant. 
The isothermal compressibil i ty of the sa tura ted l i qu id  i s  given 
S vc l  % 
FJ = - (1.0 - 0 . 8 9 ~  ) I: exp (6.9547 - 76.2853TR1 
RTc 1 
2 3 4 + 191. 3060TR1 - 203. 5472TR1 + 82. 7361TR1) ] 
where w is P i t z e r ' s  acen t r i c  fac to r  and i s  given by 
w = - log PR1 - 1.0 
(IV- 11) 
(IV- 12) 
and PR1 i s  the reduced vapor pressure of the component 1 evaluated 
a t  a reduced temperature of 0.7. Chueh and Prausnitz (19) have 
suggested use o f  a value of n i n  Equation (IV-10) of 9 f o r  normal 
l iquids .  This value has been used i n  the present work. Equation (IV-11) 
is  good fo r  the temperature i n t e rva l  0.4 s TR1 ?= 0.98, which covers the 
temperature range of t h i s  work. Using Equation (IV-10) , the f i r s t  i n t eg r a l  
in  Equatidn (IV-9) can be evaluated as: 
(IV- 13) 
The evaluation of the remaining in tegra l s  i n  Equation (IV-9) requires 
an equation of s t a t e  fo r  the pure component and the gas mixture. The 
theore t ica l  v i r i a l  equation of s t a t e  and the empirical Benedict-Webb-Rubin 
equation of s t a t e  used i n  t h i s  work a re  described i n  the following 
section. 
V i r i a l  Equation of S ta te  
The v i r i a l  equation of s t a t e ,  o r ig ina l ly  proposed a s  an empirical 
equation of s t a t e ,  was l a t e r  derived from s t a t i s t i c a l  mechanics (23, 48).  
This equation truncated a f t e r  the t h i rd  v i r i a l  coef f ic ien t  i s  used i n  
t h i s  work. 
The v i r i a l  coef f ic ien t  B and C i n  Equation (IV-14) a re  temperature 
dependent. These coeff ic ients  for  a binary mixture are  
( I V -  14) 
(IV- 16) 
BY subs t i tu t ing  Equation (IV-13), (IV-14) , (IV-15) and (IV-16) i n to  
Equation (IV-9), one obtains the enhancement fac tor :  
(IV- 17) 
This equation can be used f o r  sol id-gas equil ibrium where s o l u b i l i t y  
of component 2 i n  the  s o l i d  phase and the compressibi l i ty of the s o l i d  
are negligible. With these assumptions, the value of x becomes 
1 
uni ty  and the f i r s t  i n t e g r a l  of Equation (IV-9) i s  s impl i f ied  t o  
Calculat ion of V i r i a l  Coeff ic ients  
Second V i r i a l  Coeff ic ient  
Exact r e la t ionsh ips  between the v i r i a l  c o e f f i c i e n t  and the  i n t e r -  
molecular po ten t i a l  function have been es tabl ished from s t a t i s t i c a l  
mechanics (23,48). I f  the intermolecular p o t e n t i a l  function is  known, 




The Lennard-Jones (6-12) po ten t ia l  (48) and the Kihara core po ten t ia l  
(59, 60) a r e  used ?n the present work t o  ca lcu la te  the second v i r i a l  
coeff ic ients  . 
Lennard-Jones (6-12) Class ical  Model (LJCL) 
The Lennard-Jones po ten t ia l  function (48) i s  given as 
This function describes the a t t r ac t i on  and repulsion energy between 
two spherical  molecules with point masses and negl igible  volume. 
The variable r represents the distance between the two point masses, 
a corresponds t o  the value of r a t  U( r) = 0,  and e i s  the minimum 
1/6 potent ia l  which occurs a t  r = 2 a. 
Based on Equation (IV-19), Hirschfelder e t  a l .  (48) have expressed 
the second v i r i a l  coef f ic ien t s  between molecules i and j a s  follows. 
where 
and the reduced second v i r i a l  coef f ic ien t  is given a s  
where 
Kirk (61) has calculated the values of b ( j )  up t o  41 terns.  
The values were i n  good agreement with those of Hirschfelder e t  a l .  
(48) , except tha t  11 ( I6)  was determined t o  be -0.3386316 x a s  
ccnnpared t o  -0.33872440 x given by Hirschfelder e t  a l .  (48). 
The values of b'j) developed by Kirk have been used in  t h i s  work. 
The mixture rules  fo r  (b ) and in  Equation (IV-23) 
o i j  
and (IV-24) a r e  
(IV- 26) 
= 1 (b1I3 + b1/3 3 




( I V -  28) 
The selected parameters f o r  the Lennard-Jones po ten t ia l  function t o  
calcula te  the second v i r i a l  coef f ic ien t  i n  t h i s  work a r e  shown i n  Table 
19 of Appendix F . 
Kihara Core Model (KIH) 
The Kihara core po ten t ia l  (59,60) is given by the re la t ion  
(IV- 29) 
This function takes in to  consideration the s i ze  and the shape of the 
molecules with an impenetrable core. The quanti ty p is the shor tes t  
distance between the cores,  and p i s  the value of p when U($ is a t  
0 
i t s  minimum. 
I n  the Kiha:ra core model, the molecular cores a r e  described i n  
terms of three parameters MoY So, Vo. The carbon t e t r a f l u o r i d e  and 
ch lo ro t r i f luormethane  molecules a r e  assumed t o  have spher ica l  cores 
(59, 98) i n  t h i s  work. The above parameters a r e  re la ted  t o  the spher ica l  
core by the expressions 
where a is  the radcus of the  core. 
The hydrogen molecule i s  assumed t o  be a t h i n  rod (59) i n  t h i s  
work and the  parameters a r e  
where L i s  the length of the rod. 
Taking i n t o  considerat ion the shape and the  s i z e  of molecular 
cores ,  Kihara (59,60) has used Equations (IV-19) and (IV-29) t o  derive 
an expression of the pure and mixed second v i r i a l  coe f f i c ien t s .  
5 .  
'I-. 




where F1, P2 ,  F a r e  functions of Z (Z = (U ) .  ./kT) and can be calculated 
3 0 1 J  
from the re la t ions  given by Kihara (59).  
The f i r s t  40 values of b:') fo r  s = 1, 2 ,  and 3 have been calculated 
by Mullins (87) and presented by Kirk (61). These values have been 
used i n  t h i s  work. The mixture rules  assumed fo r  the in te rac t ion  
parameters a r e  
DeBoer and Michels (24) have presented the following equation 
for the second v i r i a l  coef f ic ien t  with quantum corrections 
Prausnitz and Myers (98) pointed out t ha t  the quantum corrections 
i n  the calcula t ion of the second v i r i a l  aoef f ic ien t  a r e  e s sen t i a l  
fo r  l i g h t  gases l i k e  helium, hydrogen, and neon, and the corrections 
a re  s t i l l  necessa.ry fo r  mixtures of quantum and non-quantum gases. 
The correction terms i n  Equation (IV-41) a re  o r ig ina l ly  proposed for  
the Lennard-Jones model which ks s imilar  to  the Kihara model with a 
vanishing core. The reduced quantum mechanical parameter applied to 













(j) = -(3024j2 + 47281 +767) (2  (6j+23) /6 
b~~ 
491520r4 j ! ) 
(continued) 
The values fo r  the  f i r s t  42 terms of b(') and b:;) have been computed 
I 
by Kirk (61). The values used d i f f e r  only s l i g h t l y  from those given by 
Hirschfelder e t  a l .  (48).  These values a r e  used i n  t h i s  work. The i d e a l  
Jr 
gas quantum correct ion B i n  Equation (IV-4) is  given a s  
0 
Kihara Core Model with K L 2  (KIHCK12 and KIHEK12) 
Prausnitz e t  a1.(16, 1 7 ,  31) have shown t h a t  a b e t t e r  representa- 
t ion  of the  in te rac t ion  second v i r i a l  coe f f i c ien t  da ta  can be obtained 
i f  the geometric mixing r u l e  f o r  the  Kihara energy parameter is  
corrected by a fac to r  of (1  - K ) i n  the mixing ru le  f o r  (U ) as :  12 0 12 
where 
Hiza and Duncan (50) have presented an experimental co r re la t ion  
of K12 a s  a function of ioniza t ion po ten t i a l .  The Kihara core model 
using a value of K.  based on the cor re la t ion  of Hiza and Duncan i s  
.L 2 
ca l l ed  KIHCK12 i n  t h i s  work. The Kihara core model using a value of 
K12 
obtained by f i t t i n g  the  experimental in te rac t ion  second v i r i a l  
coe f f i c ien t s  , is  c a l l e d  KIHEK12. 
Third V i r i a l  Coeff ic ient  
The t h i r d  v i r i a l  c o e f f i c i e n t  i s  concerned with three-body 
in te rac t ions .  By assuming pairwise a d d i t i v i t y  of p o t e n t i a l s ,  the 
p o t e n t i a l  function can be w r i t t e n  as :  
w h e r e ~ U  i s  acorrectiontotheassumptionofpairwise a d d i t i v i t y  
i jk 
of po ten t i a l s .  
Using t h i s  p o t e n t i a l  function,  the c l a s s i c a l  t h i r d  v i r i a l  
coe f f i c i en t  i s  w r i t t e n  by Sherwood and Prausni tz  (109) a s  
where 
and 
add c = c  + A C  
d r .  d r  d r  
£ 1 2 ~ 1 3 ~ 2 3  r12r13r23 12 13  23 
If au i n  Equation (IV-55) is zero,  the  non-additive term vanishes. The 
add 
numerical values of C have been calculated by Bird et al.(10), 
Bergeon (9), Kihara (57), Rmlinson et al. (107) and Sherwood and 
Prausnitz (109) using the Lennard-Jones potentials. Assuming a 
spherical core for tk Kihara core potential, Sherwood and Prausnitz 
add 
(109) have obtained values of C . 
The non-additivity term AC is the sum of a dispersion and an 
overlap portion. Therefore 
add 
C = C + AC(over1ap) + AC(dispersion) (IV- 58) 
The quantity AC(dispersion) has been calculated for the Lennard- 
Jones (6-12) potential by Fowler and Graben (34), Graben and Present (37), 
and Sherwood and Prausnitz (109). Similar calculations were performed 
by Sherwood and Prausnitz on the Kihara (6-12) potential. Sherwood 
and Prausnitz have demonstrated that AC(dispersion) is always positive 
and that its contribution becomes more significant at low temperatures. 
The repulsive portion of the non-additivity contribution is AC 
(overlap). Graben et a1.(38) and Sherwood et a1.(108) have made 
calculations for the Lennard-Jones (6-12) potential. From their 
calculations, it is found that AC(over1ap) is negative and its magnitude 
is nearly the same as that of ~C(dispersion). Thus the net contribution 
of AC to the third virial coefficient is small and the usual expression 
for the third virial coefficient was used, namely, 
C = C  
add 
Lennard- Jones (6- 1%) Classical Model (LJCL) 
Using the Lennard-Jones model, the expression for the third virial 
v i r i a l  coe f f i c ien t  has been developed by Hirschfelder,  e t  a1.(48) a s  
- add - 2 i'e * Cijk - Cijk - (bo) i j k  CCL(Tijk) 
where 
( I V -  60) 
The above t h i r d  v i r i a l  coe f f i c ien t  does not  include any non-addit ivi ty 
correct ion.  The c ( j )  values used i n  t h i s  work have been computed 
by severa l  inves t iga to r s  ( 9 ,  10, 59, :L07). Yoon (132) has ca lcula ted  
>'r 
the  values of C (T') based on d i f f e r e n t  s e t s  of c'j 'values. He found 
C L 
>k 
t h a t  the cCL(Tf) values ca lcula ted  from the ~ i h a r a ' s  f i r s t  18 values of 
c ( j )  a r e  i n  good agreement with those ca lcula ted  by Bird e t  a1. (10). 
The c ( j )  values given by Kihara (5 9) were used i n  t h i s  work. For m i x -  
t u res  the  following mixing r u l e s  were used: 
and 
(IV- 62) 
( I V -  63) 
Method of Chueh and Prausnitz 
A generalized corresponding s t a t e s  cor re la t ion  has been presented 
by Chueh and Prausnitz (16) f o r  est imating the t h i r d  v i r i a l  c o e f f i c i e n t  
of pure and mixed non-polar gases. It is  expressed as a function of 
reduced temperature and an empirical  parameter d 
These authors  presented t h e  following empirical  expression 
The parameter d i s  Equation (IV-64) i s  r e l a t e d  t o  the s i z e ,  shape and 
p o l a r i z a b i l i t y  of  the molecule. The value of d becomes important a t  
reduced temperatures below 1.75. Some values of the  parameter d have 
been presented by Chueh and Prausni tz  (16).  The va lues  of d f o r  methane, 
ethane,  e thylene ,  carbon t e t r a f l u o r i d e ,  and chlorotr i f luoromethane 
were obtained by Carber (35) and Yoon (132) using the experimental t h i r d  
v i r i a l  c o e f f i c i e n t s  ava i l ab le  i n  the  l i t e r a t u r e .  The values obtained 
by Garber (35) and Yoon (132) were used i n  t h i s  work. 
For the quantum gases ,  e f f e c t i v e  c r i t i c a l  cons tants  a r e  used 
ins t ead  of the experimental c r i t i c a l  constants .  This F s  because of the  
conf igura t ional  p rope r t i e s  of these  gases. Chueh and Prausni tz  (16) 
used the  followingequations given by Gunn, Chueh and Prausni tz  (39) 
t o  obta in  the e f f e c t i v e  c r i t i c a l  constants  f o r  l i g h t  gases such a s  
he 1 ium , neon, and hydrogen. 
where T: = 43.6 K and V: = 51.5 cclgm mole fo r  hydrogen. I n  these 
equations M is  the molecular weight. 
The e f fec t ive  c r i t i c a l  constants calculated from Equations (IV-65) 
and (IV-66) are  used i n  Equation (IV-64) t o  calcula te  the th i rd  v i r i a l  
coeff ic ients  f o r  l i g h t  gases. For gas mixtures, Chueh and Prausnitz (16) 
recommended the following mixture ru les  t o  calcula te  the t h i rd  v i r i a l  
coeff ic ients .  
where 
(IV- 68) 
For a binary mixture containing a c l a s s i ca l  gas 1 and a quantum 
gas 2 ,  the binary c r i t i c a l  constants a re  
In  t h i s  case,  
and 
 he K~~ used i n  Equation (IV-70) i s  the correc t ion t o  the geometric 
mixing ru le  and is obtained from experimental i n t e r a c t i o n  second v i r i a l  
coe f f i c ien t  da ta .  The method of Chueh and Prausnitz (16) has been 
used t o  ca lcu la te  a l l  the t h i r d  v i r i a l  coe f f i c ien t s  i n  the Kihara enhance- 
ment f a c t o r  programs. Because of the large  uncer ta in ty  of the th i rd  
v i r i a l  coe f f i c ien t  a t  T < 0 .8 ,  Equation (IV-65) i s  use fu l  only f o r  T 
R R >  
0.8 a s  recommended by Chueh and Prausnitz (16). The values of Cl l l ,  
5 1 2  
and C l Z 2  a re  set equal t o  zero when the e f f e c t i v e  reduced tempera- 
tu re  i s  l e s s  than 0.8. 
Benedic t-Webb-Rubin Equation of S t a t e  (BWR) 
The Benedict-Webb-Rubin equation of s t a t e  was o r i g i n a l l y  developed 
f o r  use with hydrocarbons and hydrocarbon mixtures. This equation of 
s t a t e  is  an empirical equation with e i g h t  parameters which can be 
adjusted t o  f i t  the volumetric proper t ies  of f lu ids .  The BWR equation 
has a l s o  been used t o  p red ic t  phase equil ibrium da ta  of binary systems 
(43, 61, 62, 79, 87, 116, 117). The BWR equation f o r  mixtures can be 
w r i t t e n  as  
The parameters B '  and CA a r e  defined a s  m 
( I V -  7 4) 
and 
The mixture r u l e s  used a r e  
Nm = Y; Nll  + 2y1y2N12 + Y: N22 
f o r  N = Ao, Bo,  C o y  and y. Values of N12 a r e  given by 
f o r  A o ,  Go, and Y. Values of (Bo)12 a r e  given by 
- 
(Bo) 12 
BO1 + Bo2 ( l i n e a r )  
2 
The BWR equat ions us ing  the l i n e a r  average and the  Lorentz 
average of (B0)12 a r e  c a l l e d  BWR (LINEAR) and BWR(L0RENTZ) r e spec t ive ly .  
The mixture r u l e s  f o r  a ,  b y  c ,  and QI a r e  
where 
Combining Equation (IV-9) , (IV-13) and ( I V - 7 4 )  f o r  mixture and 
pure components, the enhancement fac tor  i s  given a s  follows : 
Y 1  Y1 1 1 2 (Y~(B;~-B;,)+B;~ 1 x exp (-  1 [, +---I - 
:2 
vo 1 vol 2v: 1 y 1 
The mixing rules fo r  a ,  a and c i n  Equation (IV-83) a r e  
where Nm i s  given by Equation (IV-81). 
For  y the mixing ru le  
lm' 
i s  used, where N is given by Equation (IV-77). 
m 
By expanding the  exponential term i n  Equation (IV-74) and rearrang- 
ing t h i s  equation in to  a v i r i a l  form, the second and t h i rd  v i r i a l  
coeff ic ients  can be expressed i n  terms of the parameters of the BWR 
equation as  follows (61) .  
a c 
- i j k  + i j k  
'ijk - b i jk  - RT 
RT 
3 
The second and th i rd  v i r i a l  coeff ic ients  of hydrogen calculated 
from these equations are  shown i n  Appendix F. The parameters of the 
BWR equation fo r  the gases considered in  t h i s  work a re  shown i n  Table 
20 of Appendix F. 
CHAPTER V 
COMPARISON OF PREDICTED AND EXPERIMENTAL 
GAS PHASE EQUILIBRIUM DATA 
In te rac t ion  Second V i r i a l  Coefficient  - 
I E su f f i c i en t  P-V-T data a r e  avai lable  f o r  a pure gas, the 
in te rac t ion  po ten t ia l  between the molecules can be determined. For 
gas mixtures, the in te rac t ion  po ten t ia l  between d i s s imi la r  molecules 
i s  usually obtained by using the mixing ru les  t o  combine the po ten t ia l  
energies of the pure gases. 
The in te rac t ion  second v i r i a l  coef f i c ien t ,  which i s  re la ted  t o  
the in te rac t ion  po ten t ia l  between diss imi lar  molecules, plays a very 
important ro le  in  the calcula t ion of thermodynamic proper t ies  of gas 
mixtures. Therefore, i t  i s  necessary t o  experimentally determine the 
in te rac t ion  second v i r i a l  coef f i c ien t  and t o  t e s t  the mixing ru les  used 
t o  combine the po ten t ia l s  of pure gases, and t o  compare with the theore- 
t i c a l  in te rac t ion  second v i r i a l  coef f i c ien t s .  
Various methods (12, 13, 20, 21, 125, 129) have been presented 
to  obtain experimental values of the in te rac t ion  second v i r i a l  coef f i -  
c ient .  The ind i rec t  method fo r  the ext ract ion of the in te rac t ion  second 
v i r i a l  coef f i c ien t s  from experimental phase equilibrium data  used by 
Reuss and Beenakker (106), Chiu and Canfield (15),Mullins (87), Liu (73), 
Garber ( 3 5 ) ,  and Yoon (132) i s  a l so  used in  t h i s  work. 
Ext rac t ion  of B, , from Phase Equil ibr ium Data 
The enhancement f a c t o r  equat ion  (IV-17) can be rearranged t o  
g ive  the  express ion  of B a s  
12 
To c a l c u l a t e  the experimental va lues  of B t he  experimental  
12' 
gas and l i q u i d  compositions obtained i n  t h i s  work were used. Se l ec t ion  
of t he  va lue  of BS and P i s  d i scussed  i n  Appendix F. Besides the  
01 
mentioned q u a n t i t i e s ,  t h e  v i r i a l  c o e f f i c i e n t s  B 11' B229 C1ll' C222' 
Cl12 and C122 a r e  requi red  f o r  the  c a l c u l a t i o n  of B 
12 
Of these  
v i r i a l  c o e f f i c i e n t s ,  B22 and C222 a r e  i m p l i c i t l y  involved i n  t h e  V 
m 
term. The second v i r i a l  c o e f f i c i e n t s  of the  condensed phase B 
11 
evaluated by the  Lennard-Jones model and Kihara model have been used 
i n  t h i s  c a l c u l a t i o n  for  comparison. The second v i r i a l  c o e f f i c i e n t  of  
hydrogen, B was ca l cu la t ed  from the  Lennard-Jones parameters which 
22 ' 
were e x t r a c t e d  from the  experimental B of White and Johnston (128) 
2 2 
and Michels e t  a l .  (81) .  
From Figure 50 i n  Appendix F the experimental  C d a t a  of  Michels 
222 
e t  a l .  (81) and those of White and Johns ton (128) a r e  d i s c r e t e  from each 
o t h e r .  The d a t a  of White and Johnston (128) a r e  b e t t e r  descr ibed by 
the Lennard-Jones model, and the d a t a  of  Michels e t  a l .  (81) a r e  b e t t e r  
descr ibed  by the  equat ion of  Chueh and P rausn i t z  (16) .  Both the Lennard- 
Jones model and the  method of Chueh and P rausn i t z  (16) were used t o  
c a l c u l a t e  the values of C 
222' 
Garber (35) and Yoon (132) showed t h a t  the 
method of Chueh and P rausn i t z  (16) f i t s  t he  experimental  va lues  of Cll l  
b e s t  f o r  the  condensed phases considered i n  t h i s  work. Therefore t h i s  
method was used f o r  t he  c a l c u l a t i o n  of C 
111' 5 2 2 '  C112 
when e s t ima t ing  
the  experimental  BI2 value.  Since the  i n t e r a c t i o n  second v i r i a l  c o e f f i -  
c i e n t  i s  a l s o  i m p l i c i t l y  involved i n  the  Vm term, Equation (V-1) must 
be solved by an  i t e r a t i v e  scheme. The i n i t i a l  guess of t he  B va lue  12 
was ca l cu la t ed  from the  Kihara model. I n  t h i s  c a l c u l a t i o n ,  an  i n i t i a l  
e s t ima te  of the KI2 va lue  i s  a l s o  required.  Since most hydrogen binary 
systems show v e r y  small  va lues  of K 
12 '  K12 
= 0 was used a s  the  i n i t i a l  
va lue  f o r  t h i s  ca l cu la t ion .  The f i n a l  va lues  of B12 obtained a t  each 
experimental  p re s su re  were p l o t t e d  i so thermal ly  a g a i n s t  (P - Pol). The 
a c t u a l  va lue  of B a t  t h e  given temperature was taken t o  be the  i n t e r -  
12 
cept  of B a t  (P - P ) = 0. This was done by e x t r a p o l a t i n g  the  curve 
12 01 
t o  (P - P ) = 0. The a c t u a l  va lues  of B obtained i n  t h i s  way a t  the  
0 1 12 
experimental  temperatures were then p l o t t e d  on a s e t  of t h e o r e t i c a l  B 
12 
va lues  ca l cu la t ed  from the  Kihara model a s  a func t ion  of temperature a t  
t h e  va lues  of K from 0 t o  1. A new va lue  of K was obta ined  and used 
12 12 
t o  c a l c u l a t e  new va lues  of B 
12' 
This method has been descr ibed  by Mullins 
( 8 7 ) ,  Liu (73),Garber(35) and Yoon(132). Since the  K va lues  of hydrogen 
12 
systems a r e  smal l ,  two i t e r a t i o n s  of t h e  B program were s u f f i c i e n t  
12 
t o  o b t a i n  t h e  value of K which gave the  b e s t  f i t  of t he  experimental  1 2  
B12 da ta .  
Resul t s  of BI2 Ex t r ac t ion  from Phase Equil ibr ium Data 
Two s e t s  of experimental  va lues  of B12 were obta ined  f o r  each of 
t he  hydrogen-carbon t e t r a f l u o r i d e  and the  hydrogen-chlorotrifluoro- 
methane systems. The f i r s t  s e t  of B va lues  was obta ined  by us ing  B 
12 11 
and C ca l cu la t ed  from the Lennard-Jones model. The second s e t  
222 
was obtained by us ing  the B va lues  of the  Kihara model and the  C 
11 222 
from the method of Chueh and P rausn i t z  (16) .  
Severa l  o t h e r  phase equ i l i b r ium d a t a  f o r  hydrogen systems from 
t h e  l i t e r a t u r e  were used i n  t h i s  work t o  e x t r a c t  the experimental 
v a l u e s  of B 
12 ' 
The Bll  and C va lues  of these  systems a r e  ca l cu la t ed  
222 
from the  Lennard-Jones model i n  the e x t r a c t i o n  of  B 
12 ' 
The experimental B and the t h e o r e t i c a l  B f rorn s e v e r a l  
12 12 
t h e o r e t i c a l  models a r e  presented  from Figure  16 through Figure  20. 
The t h e o r e t i c a l  model used a r e  LJCL, K I H ,  KIHCK12, BWR(LINEAR), BWR 
(LORENTZ) . These models have been descr ibed  i n  Chapter I V .  The 
experimental  B values of t hese  systems obta ined  from t h i s  work 
12 
a r e  shown i n ~ a b l e  1 wi th  the  corresponding e r r o r  range. The e r r o r  
range  was es t imated  by varying the input  va lues  of 0 and x by the  
2 
e r r o r  ass igned  t o  t hese  q u a n t i t i e s  f o r  each system. The est imated 
d a t a  agreed with the experimental d a t a  t o  w i th in  t h e  u n c e r t a i n t y  shown. 
BI2 f o r  Hydrogen-Carbon T e t r a f l u o r i d e  System 
-- - 
and Hydrogen-Chlorotrifluoromethane System 
No experimental d a t a  of B f o r  the  hydrogen-carbon t e t r a f l u o r i d e  
12 
and the  hydrogen-chlorotrifluoromethane systems have been found i n  t he  
l i t e r a t u r e .  The phase equi l ibr ium d a t a  obtained i n  t h i s  work a r e  the  
only source a v a i l a b l e  f o r  the  e x t r a c t i o n  of B d a t a  of these  two 
12 
systems. The smoottled experimental d a t a  of 0 and x presented i n  Table 
2 
Table 1. Values of B12 f o r  Hydrogen Binary Systems 
S ys tern B12, cc/gm mole 
Table 1. (Continued) 
Sys tern B12, ccigm mole 
13 and Table 14 of Appendix E were used t o  e x t r a c t  t h e  B va lues  of 
12 
t h e  systems. The unce r t a in ty  f o r  t h e  l i q u i d  compositions i s  2  percent  
f o r  both systems. The u n c e r t a i n t y  f o r  t h e  enhancement f a c t o r  i s  2.5 
percent  f o r  t he  hydrogen-carbon t e t r a f l u o r i d e  system and 3 percent  f o r  
t h e  h ydrogen-chlorotrifluoromethane. The experimental  d a t a  of B and 
12 
t h e  t h e o r e t i c a l  va lues  o f  B a r e  shown on F igure  16 and F igure  17 f o r  
12 
t h e  hydrogen-carbon t e t r a f l u o r i d e  system and the  hydrogen-chlorotrifluoro- 
methane system r e s p e c t i v e l y .  S ince  t h e  cons t an t s  of t h e  BWR equat ion  
a r e  n o t  a v a i l a b l e  f o r  ch loro t r i f luoromethane ,  on ly  t h e  theore  t i c a l  
curve of t h e  Lennard-Jones model and Kihara model a r e  shown f o r  t h e  
hydrogen-chlorotrifluoromethane system. The inpu t  d a t a  f o r  t h e  theore-  
t i c a l  c a l c u l a t i o n  a r e  presen ted  i n  Appendix F. 
B12 f o r  Hydrogen-Ethane System and Hydrogen-Ethylene System 
The phase equ i l i b r ium d a t a  of  Hiza,  Heck and Kidnay (51,  52) were 
smoothed and used t o  e x t r a c t  t h e  experimental  B of  t he  hydrogen-ethane 
12 
and the  hydrogen-ethyiene systems. The phys i ca l  p r o p e r t i e s  of e thane  
and e thy lene  s e l e c t e d  f o r  use a r e  presen ted  i n  Appendix F. The inpu t  
va lues  of enhancement f a c t o r  and l i q u i d  composition a r e  shown i n  Table 
15 and Table 16 i n  Appendix E Eor t h e  hydrogen-ethane system and the  
hydrogen-ethylene system r e s p e c t i v e l y .  ?he experimental  B and the  
12 
t h e o r e t i c a l  B12 of t he se  two systems a r e  shown on F igure  1 8  and F igure  
19. The u n c e r t a i n t i e s  of  0 and xg a r e  2 pe rcen t  f o r  both systems. 
B12 f o r  H ydrogen-Me thane Sys tem 
The phase equ i l i b r ium d a t a  of Ki rk  (61) have been used by Chiu 
and Canf ie ld  (15) t o  e x t r a c t  experimental  v a l u e s  o f  B 
12' 
Liu  (73) 
BWR (LINEAR) 






0 B12 using LJCL B l l  
0 B12 using K I H  B 11 
Figure 16. Predicted and Experimental B for the Hydrogen- 
Carbon Tetrafluoride System it Temperature Between 




0 Extrac ted  from Data of Hiza,  e t  al. (52)  - 
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F igure  18. Pred ic t ed  and Experimental Bl.p f o r  t h e  Hydrogen-Ethane 
System a t  Temperature Between 108 t o  190 K 
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F igure  19. P r e d i c t e d  and Experimental BI2 f o r  the  Hydrogen-Ethylene 
Syst.em a t  Temperature Between 122 t o  170 K 
a l s o  used these  d a t a  t o  o b t a i n  the experimental  B va lue  a t  t he  h ighes t  
12 
temperature 116.53 K and t h e  lowest temperature 66.88 K .   irk's d a t a  
a r e  a l s o  used i n  t h i s  work to  e x t r a c t  the  B va lue  a t  90.74, 103.07, 
12 
109.98, 116.53 K .  Tile method used i n  t h i s  work t o  e x t r a c t  t he  expe r i -  
mental  B va lues  i s  s i m i l a r  t o  t he  method used by Liu (73) ,  except  
12 
t h a t  the  e f f e c t  of  p re s su re  on the  l i q u i d  molar volume and the  inpu t  
parameters f o r  the  p o t e n t i a l  func t ion  of hydrogen a r e  d i f f e r e n t  from 
tllose used bj7 Liu (73) .  The phys i ca l  p r o p e r t i e s  s e l e c t e d  a r e  
presented i n  Appendix F ,  and the  smoothed 0 and x used i n  t h i s  
2 
c a l c u l a t i o n  are shown i n  Table 1 7  of Appendix E .  The unce r t a in ty  of 
t h e  experimental  0 and x i s  2 percent .  
2 
The B va lues  ex t r ac t ed  in  t h i s  work agreed w e l l  with those of 
12 
Chiu and Canf ie ld  (15) and Liu  (73).  The experimental  B and theore-  
12 
t i c a l  B of t h i s  system a r e  shown i n  F igure  20. 
12 
Discussion of Resu l t s  
The experimental va lues  of B f o r  many helium systems have been 
12 
summarized and analyzed by Liu (73) ,  Garber (35 ) ,  and Yoon (132) .  They 
pointed out  t h a t  most experimental  va lues  of B f o r  helium systems f a l l  
12 
i n  the p o s i t i v e  range,  and a helium system wi th  a condensed component of a 
less s p h e r i c a l  molecule always show a l a r g e r  va lue  of B a t  the  same 12 
reduced temperature T R1' 
A p l o t  o f  B12 va lues  ve r sus  T f o r  s i x  
R 1  
helium binary  systems i s  shown i n  Figure 21. 
The experimental  va lues  of B of t he  f i v e  hydrogen systems ob- 1 2. 
t a ined  i n  t h i s  work toge ther  with those  of t he  hydrogen-argon system 
given by Mull ins  (87)  a r e  shown i n  Figure 22. For t h e  s i x  hydrogen 
systems summarized he re ,  i t  was found t h a t  a l l  the experimental B 12 
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Figure 20. Predicted and Experimental BI2 for the Hydrogen-Methane 
System at Temperature Betw2en 90 to 116 K 
Figure 21. Experimental B for Six Helium Binary Systems. 12 
This work 
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Figure 22.  Experimental B for S ix  Hydrogen Binary Systems. 
12 
va lues  f a l l  i n  t h e  negat ive  range. Although the r e l a t i v e  p o s i t i o n s  of 
the B12 curves f o r  t h e  va r ious  hydrogen systems a r e  n o t  i d e n t i c a l  wi th  
those  of t he  corresponding helium systems, the B12 va lues  of the hydrogen 
systems a l s o  show a tendency t o  i nc rease  a s  the  molecule of the condensed 
component becomes l e s s  s p h e r i c a l .  
I n  a comparison of a hydrogen system with a helium system f o r  
t he  same condensed component, the hydrogen system usua l ly  shows a more 
negat ive  va lue  of  B than the  helium system a t  the  same temperature; 
12 
and t h i s  accounts f o r  t he  f a c t  t h a t  the enhancement f a c t o r s  of a hydrogen 
s ys tem a r e  higher  than the corresponding helium sys  tem. Tl~e cont r ibu-  
t i o n  of B t o  the  enhancement f a c t o r s  w i l l  be d iscussed  l a t e r  i n  t h i s  
12 
chapter  . 
I n  Chapter 111, i t  has been pointed out  t h a t  a t  a given pressure  
and a reduced temperature T t he  enhancement f a c t o r s  of  the helium 
R 1 '  
systems and t h e  hydrogen systems tend t o  decrease  a s  the molecules of 
the condensed components become l e s s  s p h e r i c a l .  I n  the  comparison of  
the helium systems, t he  magnitude of t he  enhancement f a c t o r s  seems t o  
be r e f l e c t e d  by the  magnitude of the  B va lues .  This i s  a l s o  t r u e  f o r  
12 
t h e  hydrogen systems. 
Garber (35) a l s o  pointed out  t h a t  t he  maxima i n  t he  B curves 
12 
a r e  n o t  unusual i n  helium systems. The second v i r i a l  c o e f f i c i e n t  curve 
f o r  pure substances has been analyzed by Hi r sch fe lde r  e t  a l .  (48) .  
They pointed out  these  curves should pass  through a maximum at  high 
temperatures.  A summary of the  approximate temperature maximum f o r  
va r ious  helium bi.nary systems has  been presented by Garber (35). From 
the  second v i r i a l  c o e f f i c i e n t  curve, i t  shows t h a t  t h e  s lope  of the 
second v i r i a l  coeEf i c i en t  ve r sus  temperature i n  the  nega t ive  region of 
the  second v i r i a l  c o e f f i c i e n t s  i s  much h ighe r  than the  s lope  a t  the  
p o s i t i v e  region of the  second v i r i a l  c o e f f i c i e n t s .  The second v i r i a l  
c o e f f i c i e n t s  always inc rease  very  r ap id ly  as temperature i nc reases  
i n  the  negat ive  region of the second v i r i a l  c o e f f i c i e n t .  The experimental  
d a t a  of B12 of t h e  hydrogen systems summarized here  a l s o  show the  same 
t r end ,  and no maximum i s  expected i n  t h i s  temperature region.  
I n  a comparison of t he  experimental B wi th  those ca l cu la t ed  
12 
from var ious  t h e o r e t i c a l  models, the Kihara model usua l ly  r ep re sen t s  
the experimental va lues  b e s t  whereas the  BWR equat ion p r e d i c t s  h ighe r  
va lues  of  B 
12 
Deviat ion from Geometric Mixing Rule 
To c a l c u l a t e  t he  proper ty  d a t a  of a  mixture,  geometric mixing 
r u l e s  have been used t o  combine the energy parameters of the pure 
components of the  mixture.  Numerous i n v e s t i g a t o r s  (18, 35, 4 9 ,  50, 54, 
55, 87,  110) have shown t h a t  the  mixture da t a  f o r  many b ina ry  systems cannot 
be s a t i s f a c t o r i l y  represented using the  geometric r u l e s  t o  combine the  
energy parameter of the  pure components. Mull ins  ( 8 7 ) ,  Garber ( 3 5 ) ,  
Chueh and P rausn i t z  (16 ) ,  Ecker t ,  e t  a l .  (31), Hiza and Duncan ( 4 9 ) ,  
Hiza (50) and Yoon (132) have shown t h a t  b e t t e r  mixture d a t a  can 
be obtained by empir ica l  adjustment  of the mixture energy parameter.  
They used the  fo1:lowing mixing r u l e  t o  c a l c u l a t e  t he  i n t e r a c t i o n  energy 
parameter f o r  the  Kihara core p o t e n t i a l .  
where K i s  a  correction factor  for  the mixing rule .  
1 2  
A s imilar  mixing ru l e  was used by Liu (73) fo r  the calcula t ion 
of the in teract ion energy parameter for  the Lennard-Jones po ten t ia l ,  
tha t  i s ,  
Since the Lennard-Jones parameters a r e  very sens i t ive  t o  temperature 
a s  s t a ted  by Lin and Robinson (72) and Hanley and Klein (42),  i t  is  of 
l e s s  i n t e r e s t  to  have the correct ion fo r  the in te rac t ion  energy para- 
meters of this  model. The parameters of the Kihara core potential  
function have l e s s  temperature dependency. Therefore, the correct ion 
of the in te rac t ion  energy parameter of t h i s  model has a t t r a c t ed  much 
a t t en t i on  and has been proved to  be more meaningful. 
From the following equation derived by Hudson and McCoubrey 
(54) fo r  the energy parameter of the Lennard-Jones (6-12) po ten t ia l  
f  unc t ion, 
i t  can be seen tha t  the product of tlie ionizat ion po ten t ia l  and the 
co l l i s i on  diameter terms i s  re la ted  to  the j l - K  ) term i n  Equation LJ 
(V-3). Equation (V-3) i s  a  reduced form of Equation (IV-27) w i t h  K = 
LJ 
0 which i s  equivalent t o  Equation ( V - 4 )  of two components with the same 
values of ionization po t en t i a l  and the same values of co l l i s i on  diameter. 
Hiza ( 4 9 )  has proposed an empirical r e l a t i on  for  computing K12 
of Equation (V-2) which involves the ionization po ten t ia l  of the 
i n t e r a c t i n g  spec i e s  a s  fo l lows ,  
This c o r r e l a t i o n  was developed by empi r i ca l ly  f i t t i n g  the  experimental  
va lues  of B f o r  a number of helium,hydrogen and neon b inary  systems 
12 
( 4 9 )  
The K12 va lues  f o r  t h e  Kihara core  p o t e n t i a l  of s eve ra l  helium 
b inary  sys  tems have been experimental ly  determined by Hiza and Duncan 
(50 ) ,  Hiza (49) ,  Garber (35), and Yoon (132).  The experimental r e s u l t s  
were compared with the  va lues  ca l cu la t ed  from Equation ( V - 5 ) .  In s p i t e  
o f  the temperature dependency o f  K a s  pointed by Hiza and Duncan ( 5 0 ) ,  
12 
the r e s u l t s  of helium-hydrocarbon systems a r e  i n  good agreement. The 
experimental  K .  va lues  f o r  the helium-halogen-substituted-methane systems 
12 
a r e  lower than the  va lues  pred ic ted  from Equation (V-5). This may be 
due t o  the unce r t a in ty  i n  t he  i o n i z a t i o n  p o t e n t i a l  I 
1 
The K12 values f o r  s e v e r a l  hydrogen systems have a l s o  been 
presented by Mull ins  (87) ,  Hiza (49) ,and Hiza,  Heck and Kidnay(51,52). 
They found t h a t  the K12 va lues  of the hydrogen system a r e  q u i t e  small  
and a r e  independent of temperature.  The co r rec t ions  f o r  the  two hydro- 
gen-halogen-substituted-methane systems found i n  t h i s  work a r e  n e g l i g i b l y  
small  and independent of temperature.  The K va lues  of  s e v e r a l  hydrogen 
12 
binary systems ob-tained from t h i s  work a r e  shown i n  Table 2. The K12 
va lues  ca l cu la t ed  from Equat ion (V-5) a r e  a l s o  shown i n  the  same t a b l e .  
The method used t o  e x t r a c t  t he  K12 va lues  from experimental  d a t a  
have been given i n  the  e a r l y  p a r t  o f  t h i s  chapter .  The experimental  
r e s u l t s  of t h i s  work a r e  i n  good agreement with those obtained by o ther  
i n v e s t i g a t o r s .  The average va lues  of  t he  experimental  K determined 
12 
f o r  each of t h e  H2 - X (X = A r ,  CH4, CF4, CC1F3, C H ) systems a r e  
2 6 
always l e s s  than 0.02 and K = 0 i s  s e l e c t e d  f o r  t hese  systems. 
1 2  
The ca l cu la t ed  K f o r  t h e  hydrogen systems, except  t h e  H - C2H6 and 12 2 
H2  - C H systems, a r e  a l s o  small. This r e v e a l s  t h a t  the c o r r e c t i o n  2 4 
t o  the geometric mixing r u l e  f o r  t hese  systems i s  n e g l i g i b l e .  
Table 2. Values of K f o r  Hydrogen Systems 
12 




(This  Work) 
Enhancement Fac tor  
Tne enhancement f a c t o r s  f o r  the hydrogen-carbon t e t r a f l u o r i d e  
system have been p red ic t ed  by us ing  the  t h e o r e t i c a l  models designated 
a s  LJCL, K I H  , KIHCK12, BWR(L1NEAR) , and BWR(L0RENTZ) . Because BWR 
parameters were n o t  a v a i l a b l e  f o r  t he  hydrogen-chlorotrifluoromethane 
system, only LJCL, K I H ,  and KIHCK12 models were used t o  c a l c u l a t e  
the enhancement f a c t o r s  f o r  t h i s  system. These models have been 
d i s c u s s e d  i n  Chapter  I V .  S i n c e  t h e  e x p e r i m e n t a l  v a l u e s  o f  K f o r  
12 
t h e s e  two systems were found t o  be  z e r o ,  t h e  KIHEK12 model i s  i d e n t i c a l  
t o  t h e  K I H  model. The p r e d i c t e d  enhancement f a c t o r s  u s i n g  t h e s e  models 
a r e  p r e s e n t e d  i n  Tab le  1 3  and Table  14 o f  Appendix E ,  where they  a r e  
compared w i t h  smoothed exper imenta l  v a l u e s .  
Among t h e  s i x  t h e o r e t i c a l  models,  t h e  LJCL, K I H ,  KIHCK12, KIHEK12 
models are c a l c u l a t e d  by us ing  t h e  v i r i a l  e q u a t i o n  o f  s t a t e  w i t h  
d i f f e r e n t  p o t e n t i a l  f u n c t i o n s  and d i f f e r e n t  mixing r u l e s ;  t h e  BWR(L1NEAR) 
and BWR(L0RENTZ) .models are c a l c u l a t e d  from t h e  BWR e q u a t i o n  w i t h  
a d i f f e r e n t  mixing r u l e  f o r  B . The 'Lennard-Jones (6-12) p o t e n t i a l  i s  
0 
u s e d  t o  e v a l u a t e  a l l  t h e  v i r i a l  c o e f f i c i e n t  f o r  t h e  LJCL model. For 
t h e  K I H ,  KIHCK12, KIHEK12 models,  K i h a r a  p o t e n t i a l  was used t o  c a l -  
c u l a t e  t h e  v i r i a l  c o e f f i c i e n t s .  These t h r e e  models d i f f e r  on ly  i n  t h e  
c a l c u l a t i o n  o f  D 
12'  
Cl12 and C 122'  
The BWRiLINEAR) and t h e  BWR(L0REN'IZ) 
model d i f f e r  o n l y  i n  t h e  combinat ion o f  B and B 
0 1 02 
Two r e p r e s e n t a t i v e  i so therms  o f  each system a r e  p r e s e n t e d  i n  
F igure  23 through F i g u r e  26 f o r  comparison. F o r  t h e  hydrogen-carbon 
t e t r a f l u o r i d e  sys tem,  none of t h e  t h e o r e t i c a l  models c a n  r e p r e s e n t  
t h e  e x p e r i m e n t a l  d a t a  f o r  t h e  e n t i r e  t empera tu re  range.  The K I H  and 
KIHCK12 models a lways p r e d i c t  v a l u e s  o f  t h e  enhancement f a c t o r  h i g h e r  
than  t h o s e  e x p e r i m e n t a l l y  determined.  I n  t h e  low temperature  r e g i o n ,  
t h e  KIHCK12 model r e p r e s c n t s  t h e  exper imenta l  v a l u e s  b e t t e r  t h a n  t h e  
o t h e r  models. As t h e  t empera tu re  i n c r e a s e s  t h e  BWR(L1NEAR) and BWR 
(LORENTZ) models a r e  b e t t e r  a b l e  t o  p r e d i c t  t h e  exper imenta l  d a t a .  
A t  t h e  h igh  t empera tu re  r e g i o n ,  t h e  LJCL mode l represen t s  t h e  experimen- 
tal d a t a  b e s t ,  t h e  o t h e r  models p r e d i c t  the  enhancement f a c t o r  t o  b e  
0 This Work 
/ LJCL 
K I H  
K I H C K ~ ~  
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I BWR (LINEAR) 
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Figure 2 3 .  Theoretical and Experimental Enhancement Factors in the Hydrogen-Carbon 
Tetrafluoride System a t  119.94 K 
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Figure 24. Theoretical and Experimental Enhancement Factors in 
the Hydrogen-Carbon Tetrafluoride System at  135.01 K .  
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Figure 25. 'Theoretical and Experimental Enhancement Factors in the 
Hydrogen-Chlorotrifluoromethane System at 134.97 K. 

h ighe r  than the experimental  va lues  i,n the high temperature region. 
I n  the  low temperature reg ion ,  the  W C L  model p r e d i c t s  the  experimental  
v a l u e s  too  high by 35 percent .  For t h e  hydrogen-chlorotrifluorumethane system 
t h e  experimental enhancement f a c t o r s  u sua l ly  f a l l  between t h e  p red ic t ed  
values of t he  K I H  model and t h e  KIHCK12 model. The LJCL model p r e d i c t s  
values of the  enhancement f a c t o r  h ighe r  than the  experimental ly  
determined va lues  i n  the  low temperature region but  becomes a  b e t t e r  
model t o  r ep re sen t  the experimental  d a t a  i n  t h e  high temperature region.  
The LJCL model p r e d i c t s  va lues  of enhancement f a c t o r  too high by 
2 0  percent i n  the low temperature region.  
Representa t ive  isotherms of  t he  hydrogen-ethane system (52) and 
the  hydrogen-ethylene system (51) a r e  shown i n  F igure  27 and Figure 28, 
r e spec t ive ly .  The p red ic t ed  va lues  f o r  t hese  and o t h e r  isotherms a r e  
presented i n  Table 15 and Table 16 of Appendix E. I t  is t o  be noted 
t h a t ,  although none of t he  t h e o r e t i c a l  models p r e d i c t  the  enhancement 
f a c t o r  too w e l l ,  a l l  t h e o r e t i c a l  va lues  fol low the  same t r ends  as the  
experimental va lues .  This i s  a l s o  found i n  the  helium systems (35, 
44, 50, 87 ,  132) .  Therefore,  i t  seemed i n t e r e s t i n g  t o  compare the  
helium systems with the  hydrogen systems in  terms of t h e i r  t h e o r e t i c a l  
models. 
The helium carbon t e t r a f l u o r i d e  system s tud ied  by Yoon (132) 
and the llydrogen-carbon t e t r a f l u o r i d e  system of t h i s  work a r e  s e l e c t e d  
fo r  t h i s  comparison. Figures  29,  30, 31,  32 and 33 show the  d i f f e r e n c e s  
between the  two systems. The t h e o r e t i c a l  curves of the  two systems 
shown i n  these  f igu res  a r e  ca l cu la t ed  from the  K I H  model. These 
f i g u r e s  show t h a t  t he  experimental d a t a  follow the  same t rends  as the  
0 Him, Heck & Kidnay ( 5 2 )  
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Figure 27.  Theoretical and Experimental Enhancement Factors i n  
the Hydrogen-Ethane Sys t em a t  130.00 K .  
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Figure 28. Theoretical and Experimental Enhancement Factors in 
the Hydrogen-E thylene Sys tern at 149.70 K . 
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Figure 29. Comparison of B for the Hydrogen-Carbon Tetrafluoride 
12 and Helium-Carbon Tetrafluoride Systems. 
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Figure 30.  Comparison of the Gas Phase Compositions of  the 
Hydrogen-Carbon Tetrafluoride and Helium-Carbon 
Tetraf luoride Systems. 
0 H2 - CF4 This Work 
T ,  K 
Figure 31. Comparison of the Enhancement Factors at  120 atm for 
the Hydrogen-Carbon Tetrafluoride and Helium-Carbon 
Tetrafluoride S y s  terns. 
0 H2 - CF4 This Work 
/ - 
"*-------- /- K I H  (He - CF4) h" 
Figure 32. Comparison of the Enhancement Factors at 20 atm for the 
Hydrogen-Carbon Tetrafluoride and Helium-Carbon Tetrafluoride Systems. 
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t h e o r e t i c a l  curves  and t h a t  t he  t h e o r e t i c a l  model has t h e  a b i l i t y  t o  
p r e d i c t  the  minimum on the  y  isotherm of the hydrogen system, t h e  
1 
minimum on the enhancement f a c t o r  i s o b a r  o f  t h e  helium system, and t h e  
maximum on the  enhancement i soba r  of  t h e  helium system a t  20 atm. 
Liu  (73) f i r s t  became aware of t he  a b i l i t y  o f  t h e  LJCL and K I H  models 
t o  p r e d i c t  those  m i n i m a  and maxima f o r  helium sys  tems. Garber (35) 
has a l s o  shown t h a t  the  BWR equat ion  i s  capable  o f  reproducing t h e  same 
t rends  a s  we l l .  The same phenomena a r e  a l s o  found f o r  hydrogen systems 
and were po in ted  o u t  e a r l i e r  i n  t h i s  chapter .  
F igure  29 shows t h a t  t h e  ma jo r i t y  of t h e  B va lues  of t he  
12 
helium-carbon t e t r a £  l u o r i d e  sys  tem a r e  p o s i t i v e  wh i l e  those  o f  t h e  
hydrogen-carbon t e t r a f l u o r i d e  system a r e  nega t ive .  From t h e  f a c t  t h a t  
t he  hydrogen system has l a r g e r  nega t ive  B va lues ,  i t  can be expected 
12 
t h a t  t h e  i n t e r a c t i o n  between the  hydrogen and carbon t e t r a f l u o r i d e  
molecules i s  more pronounced than  t h a t  between t h e  helium and carbon 
t e t r a f l u o r i d e  molecules.  
F igure  30 shows t h a t  t he  hydrogen system e x h i b i t s  a  minimum i n  
y on i t s  composition isotherm,  and t h a t  yl va lues  o f  t h e  helium system 1 
decrease  monotonously with i nc reas ing  pressure .  (Note t h a t  t h e  p o i n t  
of i n t e r s e c t i o n  of t h e  curves  a t  y = 1 w i l l  be  t he  vapor p re s su re  o f  
1 
carbon t e t r a f l u o r i d e ) .  This phenomenon i s  probably due t o  t he  s t ronge r  
a t t r a c t i v e  f o r c e  between the  hydrogen and carbon t e t r a f l u o r i d e  mole- 
cu l e s .  I n  the  low p re s su re  r e g i o n ,  t h e  mole f r a c t i o n  of carbon t e t r a -  
f l u o r i d e  i n  t h e  gas phase f o r  bo th  systems decreases  as p re s su re  
i nc reases .  A s  t he  p re s su re  is  f u r t h e r  increased ,  t he  two d i f f e r e n t  
molecules o f  t he  system a r e  brought c l o s e r  t oge the r .  The a t t r a c t i v e  
force between the hydrogen and carbon t e t r a f l uo r ide  molecules i n  the 
gas phase becomes large  enough to  overcome the a t t r a c t i o n  between the 
carbon te t ra f luor ide  molecules i n  the l iquid  phase. Therefore the 
amount of carbon te t ra f luor ide  found i n  the gas phase becomes l a rger  
a s  pressure on the hydrogen system increases,  and a y minimum might 
1 
be expected i f  the pressure of the helium system i s  large  enough t o  
bring the molecul.es together. A y minimum has been observed i n  the 
1 
helium-oxygen system investigated by Herring and Barrick (45).  
Figures 31 and 32 show tha t  the enhancement fac tor  of the hydrogen 
sys tem i s  considerably h i g h e r  than t h a t  of the h e l i u m  sys tem a t  the same 
temperature and pressure. Also, the enhancement fac to r  isobar of the 
I~elium sys tem exhibi ts  a s l i g h t  minimum as  the temperature decreases 
while tlle enhancement fac to r  o f  the hydrogen system always decreases a s  
t h e  temperature increases.  Figure 3 2  shows tha t  a r e l a t i ve  maximum i s  
expected for the helium system i f  the enhancement fac to r  isobar i s  
extended t o  the temperature where the vapor pressure of carbon t e t r a -  
f luor ide  i s  equal t o  the t o t a l  pressure of the system. Note t h a t  the 
t o t a l  pressure i s  l e s s  than the c r i t i c a l  pressure of carbon te t ra f luor ide .  
Although the experimental and theore t i ca l  enhancement fac to rs  
for  the hydrogen system show a monotonously decreasing trend,  one cannot 
conclude t ha t  there w i l l  be no maximum i n  the low pressure region. From 
Table 13 of Appendix E i t  i s  t o  be noted t ha t  a t  20 atm the enhancement 
f a c to r  predicted from BWR equation a t  164.99K i s  g rea te r  than t h a t  a t  
149.98K. To i l l u s t r a t e  the phenomena shown i n  Figures 31 and 32, 
Equation(1V-17) i s  selected fo r  t h i s  purpose. Garber ( 3 5 )  has a l so  used 
t h i s  equation to compare the helium systems a t  low pressure.  For 
s i m p l i c i t y ,  the  1-omparison of t he  helium and the  hydrogen systems i s  
made a t  low p res su re ,  because the c o n t r i b u t i o n  of the  t h i r d  v i r i a l  
c o e f f i c i e n t s  to  t he  enhancement f a c t o r  c a l c u l a t i o n  i s  n e g l i g i b l e  i n  
the  low pressure  region. A t  low p res su res  Equation (IV-17) i s  reduced 
to :  
Since t h i s  comparison i s  made f o r  two systems with the same condensed 
component, the terms t h a t  a r e  respons ib le  f o r  t h e  d i f f e r e n t  phenomena 
L of the  two systems a r e  -7 (y I B 11 + Y2 Bl2). kn (Zm) and X J l  (xl) 
m 
As a mat te r  of f a c t ,  the con t r ibu t ions  of &n (Z ) and &n ( x  ) a r e  r e l a -  
m 1 
t i v e l y  small .  Ttus the  term 2 B ) p lays  a major r o l e  F ( ~ 1  B1l + Y2 12 
m 
i n  representing t h e  shape of the  enhancement f a c t o r  curves and the  
magnitude of the  enhancement f a c t o r s  f o r  the  two systems i n  the  low 
p res su re  region.  The main d i f f e r e n c e  between the helium and the  hydrogen 
system i s  t h a t  l a rge  negat ive  va lues  of B a r e  found i n  t he  hydrogen 
12 
system whi le  small  p o s i t i v e  va lues  a r e  found i n  the helium system a t  




a r e  nega t ive ,  the  term -- ( y  B B ) i s  t h e  sum of two p o s i t i v e  v 1 1 1 + Y 2  12 
m 
numbers f o r  t h e  hydrogen system and i s  the d i f f e r e n c e  of two p o s i t i v e  
numbers f o r  the helium system. Owing t o  t h i s  f a c t ,  the hydrogen system 
always shows a  l a r g e r  enhancement f a c t o r  than t h e  helium system. 
2 
I t  was found fo r  both systems t h a t  a p l o t  of -7 (y l  B l l  + y2 I3 12 ) 
m 
versus  temperature a t  cons t an t  p re s su re  shows a minimum on the  curve.  
L 
If  the  sum of -- B ) and the  o t h e r  terms involved i n  
V ( ~ 1  B1l + Y2 12 
'm 
t h e  enhancement: f a c t o r  c a l c u l a t i o n  i s  p l o t t e d  a g a i n s t  temperature,  
the loca t ion  of the minimum of each system is  switched t o  t h e  h igher  
temperature.  Therefore,  showing aminimumon the  enhancement Eactor 
i soba r  i s  no t  c h a r a c t e r i s t i c  s o l e l y  f o r  helium systems. A minimum on 
the  enhancement f a c t o r  i s o b a r  of  a hydrogen sys tem might be observed 
i n  ttie temperature reg ion  where the hydrogen system shows p o s i t i v e  
values of B 
12'  
l J i . g ~ ~ r e  33 shows t h a t  the enhancement f a c t o r s  of hydrogen systems 
inc rease  more r ap id ly  than those of  helium systems a s  p re s su re  i s  ,. 
za 
increased.  Mathematically, the value of (G) f o r  a hydrogen system 
aP T 
i s  much g r e a t e r  than t h a t  of  the  corresponding helium system. From 
- 2 
B ) term i s  the  only the previous d i scuss ion ,  the  t (yl B l l  + y2 
12 m 
d i f f e r e n t  term f o r  the hydrogen and helium system with the same con- 
a2a densed component. Therefore,  the magnitude of (-2) for  the two 
aP 2T 
-2 
systems i s  d i f f e r e n t  because the con t r ibu t ion  of [p (b (yl  Bll + 
aP m 
'2 B ~ 2 ) ) 1 T  
i s  d i f f e r e n t .  
CHAPTER V I  
COMPARISON OF PREDICTED AND EXPERIMENTAL 
L I Q U I D  PHASE EQUILIBRIUM DATA 
Experimental ~ e n r y ' s  Law Constant and P a r t i a l  Molar 
Volume a t  I n f i n i t e  D i lu t ion  
l n t  roduc t i o n  
The inf luence  of p re s su re  on the s o l u b i l i t y  of a gas i n  a l i q u i d  
phase a t  cons tan t  temperature was expressed by William Henry (1803). 
I n  modern form, ~ e n r y  ' s  law i s  
(VI - 1) 
where H i s  known a s  the  Henry's law constant .  Henry's l a w  i s  a s p e c i a l  
case of a general  thermodynamic formulat ion involv ing  the  assumptions : 
the l i q u i d  phase is  an  idea l  s o l u t i o n ,  the  e f f e c t  of pressure  on the 
condensed phase i s  neg lec t ed ,  and the gas phase i s  an i d e a l  gas. 
The thermodynamic d e r i v a t i o n  of the Henry's law cons tan t  is  based 
on the  c r i t e r i o n  f o r  phase equilibrium;k, t h a t  i s ,  the chemical p o t e n t i a l  
a£ component 2 must be the  same i n  both phases. The fol lowing r e l a t i o n  
i s  e s t a b l i s h e d  
* The de r iva t ion  qiven here  follows c l o s e l y  t h a t  given by Garber (35)  
and Yoon (132) .  
This  equat ion  can be expressed i n  terms of measurable q u a n t i t i e s ,  i f  
the s tandard s t a t e s  o f  component 2 i n  both phases a r e  s u i t a b l y  defined.  
The chemical p o t e n t i a l  of component 2 i n  t he  l i q u i d  phase is  
def ined  a s  
9< 
where the s tandard  s t a t e  k2 (P ,T) i s  a  hypo the t i ca l  l i q u i d  of pure 
component 2 a t  t he  given temperature and pressure .  For a b inary  
s o l u t i o n  y; i s  s p e c i f i e d  a s  
and P 4 P 
0 1 
The chemical p o t e n t i a l  of t he  gas phase can be def ined  as 
where the s tandard  s t a t e  b" (P=l,T) i s  an i d e a l  gas of pure component 
2 
2 a t  one atmosphere and the  temperature i n  ques t ion ,  and f; is u n i t y  
f o r  an i d e a l  gas a t  one atmosphere. 
S u b s t i t u t i o n  of Equation ( V I - 3 )  and Equation (VI-4) i n t o  Equation 
( V T - 2 )  g ives  
where 
is  the d e f i n i t i o n  of  the thermodynamic ~ e n r y  ' s  law cons tan t  H2 (P ,T) 
wi th  the u n i t  of atmosphere, (Note t h a t  the l e f t  hand s i d e  of  t h i s  equa- 
0 
t i o n  should have been w r i t t e n  a s  .Ln ( H ~  (P ,T) / fO(p= l   where f ( ~ = 1 , ~ ) = 1 )  2 
D i f f e r e n t i a t i o n  of Equation (VI-3) wi th  r e spec t  t o  p re s su re  a t  
cons tan t  temperature and composition g ives  
As x approaches ze ro ,  y'  becomes un i ty ,  thus 
2 2 
( V I -  7 ) 
A f t e r  d i f f e r e n t i a t i n g  Equation (VI-6) wi th  r e spec t  t o  p re s su re  a t  con- 
s t a n t  temperature,  one ob ta ins  
Lntegrat ing Equation (VI-9), one ob ta ins  
S u b s t i t u t i n g  Equation (V-10) i n t o  Equation (VI-5) g ives  
This  i s  an exac t  thermodynamic r e l a t i o n  f o r  the  s o l u b i l i t y  of a gas i n  
a l i q u i d  phase. This  equat ion  has been used by many i n v e s t i g a t o r s  
(91,119,123) t o  c o r r e l a t e  t he  l i q u i d  s o l u b i l i t y  da t a .  
I f  i t  i s  assumed t h a t  the  change of with r e spec t  t o  pressure  
i s  n e g l i g i b l e  and t h a t  the  l i q u i d  phase i s  an i d e a l  s o l u t i o n ,  then 
Equation (VI-4) is  reduced t o  t he  form: 
(VI- 12) 
which i s  the  Krichevsky-Kasarnovsky equat ion  (68, 95,  113, 114). This 
equat ion  can be f u r t h e r  reduced t o  ~ e n r ~ ' s  law Equation (VI-1) f o r  a 
case where the  system p res su re  i s  a s  low a s  the  vapor p re s su re  of compo- 
nent  1 and the  gas phase behaves a s  an  i d e a l  gas. 
With the  assumption t h a t  vw is independent of p r e s s u r e ,  Equation 
2 
(VI-12) suggests  t h a t  a s t r a i g h t  l i n e  would be obtained by p l o t t i n g  
G 
&n(f /X ) versus  (P-P ). Thus the  va lue  of i T  can be c a l c u l a t e d  from 2 2 0 1 
the  s lope  of t he  s t r a i g h t  l i n e  and the  va lue  of H; can be obta ined  by 
e x t r a p o l a t i n g  the s t r a i g h t  l i n e  t o  (P-P ) = 0. 
01 
I n  o rde r  t o  make the  c a l c u l a t i o n  p o s s i b l e ,  an equat ion  of s t a t e  
G f o r  the  gas phase must be assumed t o  ob ta in  the  va lue  of f2 (P ,T ,y2 ) -  
I f  the gas phase i s  assumed t o  be an i d e a l  gas mixture then 
(VI- 13) 
Replacing Pyl by P f o r  the  case  where t h e  t o t a l  p re s su re  and 
0 1 
the s o l u b i l i t y  of component 2 i n  t he  l i q u i d  phase a r e  s m a l l ,  Equation 
(V-13) becomes 
G f2(P,T,y2)  = P-P 
0 1 
(VI - 14) 
I f  the  gas phase follows the  Lewis and Randall  r u l e  then 
This equat ion  take:; i n t o  cons idera t ion  the  non idea l i t y  of the gas phase 
and was used by Sinor  and Icurata (113) and Trus t  and Kurata (123) t o  
e x t r a c t  t h e  experimental  va lues  of H~ and ym 
2 2' 
ti 
An exac t  thermodynamic expression of f (P ,T,y ) i n  terms of 
2 2 
measurable q u a n t i t i e s  was der ived  as follows (35,95,132): 
which r equ i r e s  an equat ion  o f  s t a t e  t o  c a r r y  out the i n t e g r a t i o n .  Solen 
e t  a1.(117) used the Redlich-Kwong equat ion  f o r  the  c a l c u l a t i o n  of  helium 
b ina ry  systems. The v i r i a l  equat ion of s t a t e  was used f o r  t h i s  purpose 
i n  t h i s  work. 
Using Equations (IV-14), (IV-15), and (IV-16) t h e  i n t e g r a l  i n  
Equation (VI-16) can be evaluated.  A f t e r  some a l g e b r a i c  manipulat ion,  
G 
the  fol lowing express ion  i s  obtained f o r  &n(f /x ) (35,  132),namely, 
2 2 
(VI- 17) 
The va lues  of x and y used i n  Equation (VI-17) were the  exper i -  
2 1 
mental  va lues  shown i n  Appendix E .  The va lues  of B were those experi-  
12 
mental  va lues  obtained i n  Chapter V. A l l  t he  t h i r d  v i r i a l  c o e f f i c i e n t s  
were ca l cu la t ed  from the method of Chueh and P rausn i t z  (16).  The K12 
va lues  requi red  f o r  t he  c a l c u l a t i o n  of  t he  t h i r d  v i r i a l  c o e f f i c i e n t s  
were those experimental ly  determined i n  Chapter V .  The Bll va lues  were 
ca l cu la t ed  us ing  t h e  Kihara parameters.  The Bg2 values  were ca l cu la t ed  
from the  Lennard-Jones parameters which were e x t r a c t e d  from the  expe r i -  
mental B va lues  of Michels e t  a l .  (81) and White and Johnston (128). 
22 
G With the  known values of @(f2 /x2 )  and (P-P ) c a l c u l a t e d  from 01 
the phase e q u i l i b r i u m d a t a  shown i n  Appendix E ,  the  va lues  of H~ and 7" 
2 2 
a t  a c e r t a i n  temperature were then obtained by the  l e a s t  squares  method. 
C, The values of h ( f 2 / x 2 )  and (P-Pol) a t  a given temperature were f i t t e d  
i n t o  a s t r a i g h t  l i n e  according t o  Equation (VI-12). The va lues  of H~ 
2 
and TOo were ca l cu la t ed  from the  i n t e r c e p t  and the  s lope  of the  f i t t e d  
2 
l i n e a r  equat ion.  
An approximate method t o  c a l c u l a t e  t he  ~ e n r y ' s  law cons tan t  i s  t o  
assume the gas phase i s  a n  i d e a l  gas mixture and combining Equation 
(VI-14) wi th  Equation (VI-12) which g ives  
(VI- 18) 
From Equation (VI-18)' i t  can  be seen t h a t  as (P-P ) approaches zero 
0 1 
the  equat ion becomes: 
P-P 
0 1 
l i m  & n ( -  ) = &TI H; (Pol, T) 




El iminat ing the  logari thms f o r  both sid..ls of Equation (VI-19) and d e f i n i n g  
t h e  ~ e n r y ' s  law cons tan t  c a l c u l a t e d  from t h i s  method a s  Km one ob ta ins  2 ' 
( P-P 
-To 
K2 = l i m  01 ) 
X 
(P-Pol> 4 2 
By f i t t i n g  the experimental  va lues  of $ , ~ ( ( P - P ~ ~ ) / x ~ )  and (P-P 
01' 
i n t o  a smooth curve according t o  Equation (VI-18)' the  va lue  of &n((P-P ) I  
0 1 
x2) a t  (P-P ) = 0 can be obtained from the i n t e r c e p t  of  the  f i t t e d  01 
curve. The thus obtained va lue  i s  the  value of i;, which i s  def ined  
by Equation (VI-20). This method i s  r e f e r r e d  t o  a s  the  cons is tencv  method 
i n  t h i s  work. This method has a l s o  been used by Mullins ( 8 7 ) '  Garber (35) 
and Yoon (132) t o  o b t a i n  KO3 by a graphic  scheme. The l e a s t  squares  
2 
method was used i n  t h i s  work t o  f i t  t he  experimental va lues  of 4r((P-Pol),  
x,) and (P-P ) i n t o  a s t r a i g h t  l i n e  f o r  each isotherm. The va lue  of Em - 0 1 2 
a t  a c e r t a i n  temperature was c a l c u l a t e d  from the i n t e r c e p t  of t h e  f i t t e d  
equat ion.  I t  must be noted t h a t  Equation (VI-18) i s  a s p e c i a l  case  of 
Equation (VI-12) wi th  the assumption of an i d e a l  gas mixture.  A p l o t  
o f  &n((P-Pol)/x ) versus  (P-P ) f o r  a r e a l  gas mixture may not  be a 2 0 1 
s t r a i g h t  l i n e .  But the e x t r a p o l a t i o n  of Equations (VI-12) and(V1-18) 
w i l l  give the  same i n t e r c e p t  a t  (P-Pol) = 0, i f  the  va lue  of Pol i s  low 
enough and the  gas mixture behaves l i k e  an i d e a l  gas mixture.  Thus, it 
i s  no t  s u r p r i s i n g  t h a t  t he  va lues  of Ern from Equation (VI-18) and the  
2 
values of HCQ from :Equation (VI-12) show b e t t e r  agreement i n  low tempera- 
2 
t u r e  regions where the  P va lues  a r e  r e l a t i v e l y  small. 
0 1 
The smoothed experimental  phase equi l ibr ium d a t a  f o r  the hydrogen- 
carbon t e t r a f l u o r i d e  and the  hydrogen-chlorotrifluoromethane systems 
obtained i n  t h i s  work and those of hydrogen-argon (87) ,  hydrogen-methane 
(61) ,  hydrogen-ethane (52) ,  and hydrogen-ethylene (51) systems were used 
-02 
t o  e x t r a c t  t he  experimental  va lues  of HZ and V2 from Equations (VI-12) 
and (VI-17), and t h e  va lues  of  from Equation (VI-20). The smoothed 
phase equ i l i b r ium d a t a  o f  these  systems a r e  shown i n  Table 13 through 
-w 
Table 18 o f  Appendix E .  The va lues  of 110, V and Ey of  t hese  systems 
2 
determined i n  t h i s  work a r e  presented  i n  t he  fol lowing sec t ions .  The 
e r r o r  ranges of the r e s u l t s  a r e  determined by vary ing  the  inpu t  d a t a  of 
x3 and y by the corresponding experimental  e r r o r s .  1 
Experimental Values of HOD and 7; f o r  t h e  Hydrogen-Carbon 
2 
Te t ra f luo r ide  and Hydrogen-Chlorotrifluoromethane Systems 
The smoothed experimental  d a t a  o f  t h i s  work presented  i n  Table 13 
- 
and Table 14 of  Appendix E a r e  used f o r  the  e x t r a c t i o n  of H" and v;. The 
2 
experimental  and the  smoothed values of H~ and Vm a r e  shown i n  Table 3 
2 2 
and Table 4. No o t h e r  experimental  d a t a  a r e  a v a i l a b l e  f o r  comparison; 
however, the va lues  of  ob ta ined  from the  cons is tency  method agree 
2 
w e l l  w i th  t he  va lues  of H~ obta ined  from Equations (VI-12) and (VI-17) 
2 
a s  shown i n  Figure 34 and Figure 35 f o r  the two systems inves t iga t ed .  
The unce r t a in ty  of VCQ va lues  i s  approximately 30 percent  f o r  both systems. 
2 
[3 Consistency Method 
0 T h i s  Work 
T ,  K 
Figure 3 4 .  Experimentally Determined ~ e n r y ' s  Law Constants  
f o r  the  Hydrogen-Carbon T e t r a f l u o r i d e  System. 
Consistency Method 
0 This work 
Figure 35. Experimentally Determined ~enry's Law Constants 
for the Hydrogen-Chlorotrifluoromethane System. 
Table 3. H; and 7; for the Hydrogen-Carbon Tetrafluoride System 
m -m 
H2, atm V2 c c / p  mole 
Experimental Smoothed ~x~erimental Smoothed 
Table 4. Hm and vm for the Hydrogen-Chlorotrifluoromethane System 
2 2 
-OD 
H;, atm v 2 c c / p  mole 
T, K Experimental Smoothed Experimental Smoothed 
The uncertainty is estimated by varying x by 5 2 percent of the experi- 
2 
mental quantity. 
Experimental Values of H~ and 7; for the Hydrogen-Ethane and 
2 
Hydrogen-Ethylene Sys tems 
The phase equilibrium data obtained by Hiza, Heck and Kidnay (51,52) 
were smoothed i n  t h i s  work as shown i n  Table 15 and Table 16  of Appendix 
0) 
E. The smoothed d a t a  were used f o r  t he  e x t r a c t i o n  of  the  va lues  of H 2 
- 
and v"; m e  experimental and the  smoothed values of H~ and 7; obtained 2 
from t h i s  work a r e  shown i n  Table 5 and Table 6. The phase equi l ibr ium 
d a t a  obtained by Williams and Katz (130) have been used by Oren t l i che r  
and P rausn i t z  (91) t o  e x t r a c t  H~ va lues .  The va lues  of  Hm obtained i n  
2 2 
t h i s  work toge ther  w i t h  those  obta ined  by Oren t l i che r  and P rausn i t z  a r e  
shown i n  Figure 36 and Figure 37. The va lues  of Em obta ined  from the 
2 
consis tency method agree  w e l l  wi th  those of H~ obtained from Equations 2 
(VI-12) and (VI-17). The  u n c e r t a i n t y  of t he  ? values is  estimated to 
2 
be 25 percent  f o r  t he  hydrogen-ethane system and 48 percent  f o r  the  
hydrogen-ethylene system. 
Table 5 .  Hm and 7 f o r  the Hydrogen-Ethane System 
2 2 
-m 
H;, atrn V2 cclgm mole 
T, K Eicperirnental Smoothed Experimental Smoothed 
Consfstency Method 
0 This Work 
A Oren t l i che r  & Prausn i t z  (91) 
T, K 
Figure 36.  Experimentally Determined Henry's Law Constants f o r  t h e  
Hydrogen-E thane S y s  tern. 
0 Consistency Method 
0 This Work 
A Orentliciler & Prausnitz (91) 
Figure 37. Experimentally Determined H e n r y ' s  Law Cons tanrs for 
the Hydrogen-E tliylene Sys tern. 
Table 6. H; and f o r  the  Hydrogen-Ethylene System 
a -a 
H,, atm V, cc/gm mole 
L L 
T Y  K Experimental Smoothed Experimental Smoothed 
Experimental Values of H~ and VaO f o r  the  Hydrogen-Methane 
2 2 
and Hydrogen-Argon Systems 
The phase equi l ibr ium d a t a  of t he  hydrogen-methane system obtained 
by Kirk (61) and those of t he  hydrogen-argon system by Mullins (87) have 
been smoothed and presented i n  Table 17 and Table 18 i n  Appendix E .  
The smoothed phase equi l ibr ium d a t a  were used t o  e x t r a c t  t h e  va lues  of 
--#J 
H; and va The experimental  values of H; and V2 obtained i n  t h i s  work 2' 
a r e  shown i n  Table 7 and Table 8. 
The H~ va lues  f o r  these  systems have a l s o  been e x t r a c t e d  from the 2 
phase equ i l i b r ium d a t a  (8 ,  126) by Oren t l i che r  and P rausn i t z  (91). 
The r e s u l t s  of t h i s  work and those  of Oren t l i che r  and P rausn i t z  a r e  
shown i n  Figure 35 and Figure 39. The Fa values of the  hydrogen-methane 
2 
system agree  wi th  those of H~ obtained from Equations (VI-12) and (VI-17). 
2 
For t h e  hydrogen-argon system, the H; va lues  obtained from t h i s  work 
show b e t t e r  agreement w i th  the  va lues  of k0 obtained by Mull ins  (87).  
0 A 0  
The va lue  of K i s  def ined  a s  K = l i m  (py2/x2).  The unce r t a in ty  of the 
x,+ 0 
-a L 
V va lues  is es t imated  t o  be 300 percent  f o r  t he  hydrogen-argon system and 2 
55 percent  f o r  the  hydrogen-methane system. The u n c e r t a i n t i e s  a r e  
Consistency Method 
0 This Work 
Orentlicher & Prausnltz (91) 
Figure 38. Experimentally Determined Henry's Law Constants for the 
Hydrogen-Methane System. 

es t imated  by varying 3. by :i 2 pe rcen t ,  the est imated unce r t a in ty  i n  the 
2 
experimental  quan t i t y .  With the l a r g e  u n c e r t a i n t i e s  f o r  the  im values  2 
of these  two systems, no smoothed va lues  of vm a r e  shown i n  Table 7 
2 
and Table 8. 
Table 7 .  H; and 7; f o r  the  Hydrogen-Methane System 
H;, atm 
E.xp e r imen t a  1 Smoothed 
-03 
V cc/gm mole 
2 
Experimental 
Table 8. Hm and 7 f o r  t he  Hydrogen-Argon System 2 2 
H;, atm -m V cc/gm mole 
2 
T ,  K Experimental Smoothed Experimental 
Discussion of Resul t s  
From the  experimental r e s u l t s  of shown i n  Figure 34 through 
2 
'39 it  i s  seen t h a t  the  r e s u l t s  from the consis tency method give very 
good agreement w i th  those e x t r a c t e d  from Equation (VI-12). It has 
been pointed out  i.n the  previous s e c t i o n  t h a t  the cons is tency  method 
i s  a form of Equation (VI-12) s i m p l i f i e d  by assuming the  gas mixture i s  
an i d e a l  gas. In  determining the experimental  va lues  of H;, t he  
value of (P-P ) i.s ex t r apo la t ed  t o  (P-P ) = 0. The t o t a l  p re s su re  
01 0 1 
can reach a lower va lue  f o r  a lower isotherm. When the  t o t a l  p ressure  
is  lower, the gas phase i s  c l o s e r  t o  an i d e a l  gas ,  Thus, i t  is  n o t  
s u r p r i s i n g  t h a t  the agreement of t he  r e s u l t s  of Equation (VI-12) and 
those of t h e  cons is tency  method becomes b e t t e r  a t  lower temperatures.  
From Figure  36 through Figure 39, i t  can be seen t h a t  t he  r e s u l t s  
of t h i s  work do n o t  agree  too  w e l l  w i th  those of Oren t l i che r  and P rausn i t z  
(91) .  The experimental  r e s u l t s  of t h i s  work were obtained by us ing  
Equation (VI-12j whi le  the  r e s u l t s  of Oren t l i che r  and P rausn i t z  were 
e x t r a c t e d  by us ing  the fol lowing equat ion:  
where 
This takes i n t o  cons i d e r a t i o n  the non- idea l i t y  of t he  l i q u i d  mixture.  
I t  should be poin ted  o a t  t h a t  the experimental  H; obtained i n  both cases  
were ex t r ac t ed  from a semilogari thmic p l o t  of the r a t i o  of ( f b / x  ) 
2 2 
aga ins t  (P-P ) No matter which equat ion  is  used,  the  r e s u l t s  of H~ 
0 1 2 
G would be e x a c t l y  the  same provided the  same sources of ( f  / x  ) and 
2 2 
(P-Pol) va lues  were used f o r  the two methods. The d i f f e r e n c e  between 
these two r e s u l t s  e r e  d i r e c t l y  caused by us ing  d i f f e r e n t  sources  of 
phase equi l ibr ium d a t a  and d i f f e r e n t  equa t ions  of s t a t e  t o  c a l c u l a t e  
fz.  I t  can a l s o  be concluded t h a t  no m a t t e r  how l a r g e  the  va lue  of the  
cons tan t  A i s ,  the  experimental  va lues  of H~ obtained from Equation 
2 
(VI-21) w i l l  be e x a c t l y  t he  same as those  from Equat ion (VI-12) i f  t he  
same sources of phase equi l ibr ium d a t a  and the  same express ion  f o r  
fugac i ty  a r e  used. Since t h e  va lues  of 7 presented  by Oren t l i che r  and 2 
Prausni tz  a r e  n o t  e x t r a c t e d  from the  phase equ i l i b r ium d a t a  bu t  es t imated  
wi th  the  he lp  of an  approximate theory ,  no comparison of the  iT va lues  
i s  made i n  t h i s  i nves t iga t ion .  
Equation (VI-21) der ived  by Oren t l i che r  and P rausn i t z  w i t h  the 
cons ide ra t ion  of non- idea l i t y  of  l i q u i d  mixture does n o t  seem t o  he lp  
too  much i n  the  e x t r a c t i o n  of H~ and Vrn 2 2' 
Analyzing the phase equi l ibr ium d a t a  us ing  the Gibbs-D~ihem r e l a -  
t i o n  ( see  Appendix H) sugges ts  t h a t  t he  i d e a l  s o l u t i o n  assumption i s  
probably a good one. 
Heat of So lu t ion  
By d i f f e r e n t i a t i n g  Equation (VI-6) w i t h  r e spec t  t o  temperature 
a t  cons t an t  p r e s s u r e ,  an  exac t  thermodynamic r e l a t i o n  f o r  the  h e a t  of 
s o l u t i o n  of a gas a t  i n f i n i t e  d i l u t i o n  can be obtained 
where 
I f  the v o l a t i l i t y  of the  so lven t  is neglec ted ,  Equation (VI-23) becomes 
From the  ana lyses  given by Oren t l i che r  and P rausn i t z  (91) ,  i t  
appears  t h a t  a p l o t  o f  m(Hm) versus  temperature would g ive  a s t r a i g h t  
d 4.n H ; ~  
l i n e .  The va lue  of f o r  each system considered he re  i s  obtained 
dT 
by drawing a s t r a i g h t  l i n e  through the  experimental  d a t a  a s  ob ta ined  
by Oren t l i che r  and P rausn i t z  (91) and from t h i s  work. The do t t ed  l i n e s  
shown on Figure 34 through Figure 39 a r e  t h e  s t r a i g h t  l i n e s  s e l e c t e d  
d .t',n HW 
t o  c a l c u l a t e  the  average va lues  of dT . The c a l c u l a t e d  va lues  
a r e  shown i n  Table 9 t oge the r  wi th  those obtained by Oren t l i che r  and 
P rausn i t z  (91).  
Table 9. Experimental Values of (d &-i H;/~T) 
f o r  Hydrogen Systems 
Liquid Component 
(This Work) 
Using the  va lues  of Table 9 t he  h e a t  o f  s o l u t i o n  AH' can be obta ined  2 
S 
from Equation (VI-25). The average AH2 va lues  f o r  t he  hydrogen-carbon 
t e t r a f l u o r i d e  and hydrogen-chlorotrifluoromethane systems i n  the  tempera- 
Joule  
t u r e  range considered a r e  343 cal/gm mole (1434 
gm mole 
) and 744 cal/gm 
Jou le  mole (3010 gm mole ) r e spec t ive ly .  
Theore t i ca l  P red ic t ion  of ~ e n r y ' s  Law Constant and 
P a r t i a l  Molar Volume a t  I n f i n i t e  D i lu t ion  
In t roduct ion  
Because of the  complexity of l i q u i d  mixtures ,  many theo r i e s  have 
been developed from var ious  po in t s  of .view and used t o  c o r r e l a t e  gas 
s o l u b i l i t y  da ta .  For example, the  c e l l  theory (102) i s  used by 
Kobatake and Alder ( 6 6 ) ,  t he  sca led  p a r t i c l e  theory (105) by P i e r o t t i  
(92, 93,  94) and Snider  and Herr ington (118) ,  the  f r e e  volume theory 
(101) by M i l l e r  and P rausn i t z  (84) and Nakahara and H i r a t a  (89 ) ,  and the  
r egu la r  s o l u t i o n  theory (46) by P rausn i t z  and Sha i r  (99) .  A t  p r e s e n t ,  
no theory gives complete and exac t  explana t ion  of t he  behavior  of l i q u i d  
mixtures.  The method of P i e r o t t i  (92,  93, 94) has been used by Heck (43) 
and Garber (35) f0.r the p r e d i c t i o n  of t h e  H; and va values  of s e v e r a l  
2 
helium binary  systems. This method i s  a l s o  used i n  the  p re sen t  work 
t o  p r e d i c t  the H~ and 7" values  f o r  t h e  hydrogen-halogen-substituted- 
2 2 
methane systems. 'Ilhe t reatment  given i n  t h i s  work fol lows c l o s e l y  t h a t  
given by Garber (35).  
Miller and P rausn i t z  (84) have p red ic t ed  t h e  t h e o r e t i c a l  H~ va lues  
2 
f o r  hydrogen i n  argon,  methane and ethane.  Thei r  va lues  a r e  a l s o  shown 
i n  Figures  36, 38 ,  and 39 f o r  comparison. 
Method of P i e ro t t i :  
The equat ions developed by P i e r o t t i  f o r  p r e d i c t i n g  the ~ e n r y ' s  
law cons t an t ,  the  p a r t i a l  molar volume a t  i n f i n i t e  d i l u t i o n ,  and the  
hea t  of s o l u t i o n  a r e  based on the scal.ed p a r t i c l e  theory presented  by 
Reiss  e t  a l .  (105). The r e v e r s i b l e  work requi red  t o  in t roduce  a hard 
sphere i n t o  a f1ui.d can be c a l c u l a t e d  from the  sca l ed  p a r t i c l e  theory 
(105). P i e r o t t i  considered t h a t  two s t e p s  a r e  requi red  t o  in t roduce  
a s o l u t e  molecule i n t o  a so lvent .  F i r s t ,  a ho le  is c rea t ed  i n  t he  s o l -  
vent  t o  accommodate the so lu t e .  Secon.d, the  s o l u t e  molecule and the  
so lven t  i n t e r a c t  a.ccording t o  the Lennard-Jones (6-12) pa i rwise  poten- 
t i a l .  
By equat ing  the  chemical p o t e n t i a l  of component 2 i n  both phases 
a t  the same temperature and p r e s s u r e ,  P i e r o t t i  der ived  the  fol lowing 
equat ions f o r  c a l c u l a t i n g  the  ~ e n r y ' s  law cons t an t ,  the  p a r t i a l  molar 
volume a t  i n f i n i t e  d i l u t i o n  and the  hea t  of so lu t ion .  
- 
where G i s  t he  p a r t i a l  molar f r e e  energy of c r e a t i n g  a c a v i t y  i n  a f l u i d  
C 






and E .  i s  the  p a r t i a l  molar Gibbs free energy f o r  the i n t e r a c t i o n  term. 
1 - 
The con t r ibu t ion  of pVi and giT terms a r e  n e g l i g i b l e  compared w i t h  the  E 
i 
term. Therefore,  G ,  can be approximated by t h e  p a r t i a l  molar i n t e r n a l  
1 
energy E , where 
i 
- 
The d i spe r s ion  c o n s t a n t ,  C ,  can be eva lua ted  in  terms of  t h e  
Lennard-Jones (6-12) parameters ,  and t h e  r e l a t i o n s h i p  i s  as fo l lows ,  
(VI- 38) 
- 
In the ca lcu la t ion  of the heat  of solut ion AH' H .  i s  the p a r t i a l  
2' 1 
- 
molar enthalpy fo r  the in te rac t ion  term. Since thePVi term i s  negl ig ible  
- - - 
H .  i s  approximated by Ei. H i s  the p a r t i a l  molar enthalpy fo r  the 
1 C 
cav i ty  formation and i s  given by 
- 
In Equation (VI-27), VI  i s  the volume change upon charging and 
is neg l ig ib le  i n  t h i s  ca lcula t ion.  Thus, Equation (VI-27) i s  reduced t o  
The pa r t i a l .  molar volume of cavi ty  formation is  given by 
I n  t he  preceding equa t ions ,  a l  and a 2  a r e  the hard sphere d i a -  
meters  of component 1 and 2 r e spec t ive ly .  P i e r o t t i  (92) has  shown t h a t  
a p l o t  o f  &n (Hm) ve r sus  p o l a r i z a b i l i t y ,  a f o r  va r ious  s o l u t e s  i n  a 2 2 ' 
given s o l u t e  might: g ive  a smooth curve. By e x t r a p o l a t i n g  t h i s  curve t o  
m 
ze ro  p o l a r i z a b i l i t y ,  a f i n i t e  va lue  of ? n ( H  ) i s  obtained.  This  ex t r apo la -  2 
t i o n  i s  equivalent:  t o  determining the  s o l u b i l i t y  of a hard sphere of 
0 
diameter  2.58 A. Since C i n  Equation (VI-37) i s  r e l a t e d  t o  t he  po la r i za -  
b i l i t y  of the s o l u t e ,  Equation (VI-26) can be reduced t o  the fol lowing 
form f o r  t h e  s o l u b i l i t y  of a hard sphere of zero p o l a r i z a t i o n .  
Using the  va lues  of &n H; for  = 0 obtained ar described above, 
2 
the values of a l  a t  var ious  temperatures can be c a l c u l a t e d  from Equation 
( V I - 4 2 ) .  The a va lues  of a rgon ,  methane, e thane ,  and e thylene  have 1 
been obtained by Carber (35) t o  p r e d i c t  t he  t h e o r e t i c a l  va lues  of H; 
f o r  helium systems. The a l  va lues  of ca rbon- t e t r a f luo r ide  and chloro-  
t r i f luoromethane ,  shown i n  F igure  40, a r e  e x t r a c t e d  by us ing  the exper i -  
mental H~ va lues  of t h e  helium systems from Yoon (132) and the  H; va lues  2 
of  the  hydrogen systems of t h i s  work. These va lues  a r e  then used t o  
m - s 
c a l c u l a t e  t h e  H2, v;, and dH2 f o r  the hydrogen systems of t h i s  work. 
The c a l c u l a t i o n  of and AH' r equ i r e  accu ra t e  d a t a  of PT and e,, of  the  
2 
so lvent .  They a r e  def ined  as fol lows 
0 Carbon Tetraf luoride 
Chlorotrifluoromethane 
Figure 40. Variation of a with Temperature for Carbon Tetrafluoride and 
1 
Chlorotrifluoromethane. 
Since no experimental fl and values are  avai lable  fo r  carbon t e t r a -  
T P 
f luor ide  and chlorotrifluoromethane, the following expressions given by 
Reiss (105) were used t o  calcula te  BT and 9. 
Garber (35) has shown tha t  the predicted values of H; f o r  helium 
systems agree within a fac tor  of two with experiment. He suggested an 
introduction of a correct ion fac tor  (1 - K ~ ~ )  before the geometric 
mixing r u l e  i n  Equation (VI-38). This would give a be t t e r  agreement 
between the predicted and experimental values. 
Therefore, the following equation was used t o  obtain the theoreti-  
c a l  H~ values. 
2 
The Lennard-Jones parameters required i n  t h i s  calcula t ion a r e  those 
shown in  Table 19 of Appendix F. The KLJ values determined from th i s  
work a r e  0.33 and 0.05 fo r  the hydrogen-carbon t e t r a f  luoride and the 
hydrogen-chlorotrifluoromethane system respectively.  The value of KLJ 
for  each system was obtained by varying the value of %J i n  the theore- 
t i c a l  ca lcula t ion of Hm the  value of KLJ which gave the bes t  f i t  of the 
2 ' 
experimental Hm was then selected. 
2 
The values of HQJ predicted from Equation (VI-26) together with 
2 
the experimental values of t h i s  work a r e  shown in  Figures 41 and 42. 
Figure 41 shows t h a t  the predicted values of Hm fo r  the hydrogen-carbon 
2 
t e t ra f luor ide  system are  considerably lower than the experimental values, 
and a value of ZJ = 0.33 i s  required i n  Equation (VI-37) t o  bring the 
theoret ical  values i n to  agreement with the experimental values. Figure 
42 shows tha t  the predicted values of H; f o r  the hydrogen-chlorotrifluo- 
romethane system are  approximately ten percent lower than the experi- 
mental values, and the theoret ical  values calculated with K = 0.05 L J  
show be t t e r  agreement with the experimental values. 
The heat  of solut ion AHS can be calculated from Equation (VI-28) 2 
which i s  obtained by d i f f e r en t i a t i ng  Equation (VI-26) with respect  to  
temperature a t  constant pressure. From Figures 41 and 42, it is  seen 
tha t  the H; values calculated from Equation (VI-26) with the adjusted 
value of K show a s imilar  trend as the experimental H~ I f  an accurate LJ 2' 
cr was used i n  Equation (VI-28) with the adjusted value of P %J the 
predicted AH; would show the s imilar  trend with those estimated from the 
03 
experimental H Unfortunately, the predicted AH; values using a from 
2' P 
S Equation (VI-46) a r e  negative while the AH estimated from the experimental 
2 
m 
H a re  posit ive.  This reveals the f ac t  t ha t  the expression of a from 2 P 
Equation (VI-46) i s  not adequate for  the condensed components considered 
i n  t h i s  work. I f  an average value of a i s  roughly estimated from the P 
0 This Work 
Calculated, K = 0.33 
LJ 
Calculated, Km = 0.0 
Figure 41. Comparison of Theoretical and Experimental H~ 2 
for the Hydrogen-Carbon Tetrafluoride System. 
I I 1 1 . 1 1 . - 
. 
0 This Work 
Calculated, KLJ. = 0.05 









L L  
Figure 42. Comparison of Theoretical and Experimental H~ 
2 for the Hydrogen-Chlorotrifluoromet~~ane System. 
experimental value of the saturated l iquid  molar volume and used t o  
s 
calcula te  AH , posi t ive  values a r e  obtained. The values of a used 
2 P 
- 3 -3 -1 
i n  t h i s  calculaticm a re  3.02 x 10 and 2.47 x 10 K fo r  carbon t e t r a -  
f luor ide  and chlorotrifluoromethane respect ively ,  and the average values 
S 
of AH predicted f o r  the e n t i r e  temperature range a re  236 cal/gm mole 
2 
and 392 cal/gm mole fo r  the hydrogen- carbon t e  t r a f  luoride and hydrogen- 
chlorotrifluoromethane systems respectively. With the roughly estimated 
values of a the AH' values calculated from Equation (VI-28) are  i n  good 
P '  2 
agreement with the observed values of t h i s  work. Usually, the uncer- 
S 
t a in ty  of the AH2 measurement i s  approximately 2 400 cal/gm mole f o r  
organic solvents (92). 
Figures 43 and 44 show the experimental vOD values and predicted 
2 
--rx 
V, values from Equations (VI-40) and (VI-41). In predicting the theore- 
i 
t i c a l  ym values,  the values of flT a r e  required fo r  t h i s  calculat ion.  
2 
The theore t ica l  values of 7 have been calculated by the pT of Equation 
2 
(VI-45) and a lso  calculated by using the  isothermal compressibility 
shown in  Tables 23 and 24 of Appendix F. The calculated curves deviate 



























CHAPTER V I I  
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The equ i l i b r ium gas and l i q u i d  compositions have been measured 
f o r  the hydrogen-carbon t e t r a f l u o r i d e  system a t  s i x  isotherms of  94.94, 
105.01, 119.94, 135.01, 149.98 and 164.99 K .  The equi l ibr ium gas and 
l i q u i d  compositions for  the  hydrogen-chlorotrifluoromethane have been 
measured a t  seven isotherms of 134.97, 145.02, 160.02, 175.02, 189.97, 
205.03 and 219.99 K .  The temperature repor ted  i n  t h i s  work a r e  based 
upon the I n t e r n a t i o n a l  P r a c t i c a l  Temperature Sca l e  of 1968. The cornposi- 
t i o n s  a r e  measured a t  p re s su res  up t o  120 atmospheres a t  i n t e r v a l s  
of 20 atmospheres a long  each isotherm. The experimental enhancement 
f a c t o r s  a r e  es t imated  t o  be accu ra t e  t o  + 2.5 percent  f o r  the hydrogen- 
carbon t e t r a f l u o r i d e  system and + 3.0 percent  f o r  the hydrogen-chloro- 
t r i f luoromethane system. The l i q u i d  phase compositions f o r  both systems 
a r e  est imated t o  be accu ra t e  t o  + 2.0 percent  of the  s t a t e d  hydrogen 
composition. The u n c e r t a i n t i e s  of the composition a r e  determined by 
t h e  unce r t a in ty  of t he  temperature measurement, the p re s su re  measurement 
and the chromatographic c a l i b r a t i o n  curves.  I n  cons t ruc t ing  the  chro- 
matographic c a l i b r a t i o n  curves ,  a gas imperfect ion c o r r e c t i o n  f o r  the  
gas mixture of 0 .4  mole percent  and 1. lmole  pe rcen t  has  been taken 
i n t o  cons idera t ion  f o r  t he  hydrogen-carbon t e t r a f l u o r i d e  system and 
the hydrogen-chlorotrifluoromethane system r e s p e c t i v e l y .  
F i v e  theo1:et i c a l  models LJCL, K I H  , KIHCK12, BWR(LORENT%), and 
BWR(L1NEAR) have been  used t o  p r e d i c t  t h e  t h e o r e t i c a l  v a l u e s  o f  0 
and B f o r  t h e  hydrogen-carbon t e t r a f l u o r i d e  sys tem,  Three models 
12 
LJCL, K I H ,  and KIHCK12 were used t o  p r e d i c t  t h e  t h e o r e t i c a l  @ and B 
12 
o f  t h e  hydrogen-chlorotrifluoromethane system. Although t h e  t h e o r e -  
t i c a l  models cannot  r e p r e s e n t  t h e  e x p e r i m e n t a l  d a t a  t o o  w e l l ,  t h e  
t h e o r e t i c a l  v a l u e s  f o l l o w  t h e  same t r e n d s  as t h e  exper imenta l  d a t a .  
The phase  e q u i l i b r i u m  d a t a  o f  t h e  s i x  hel ium systems He-X 
(X= Ar (87) ,  CH4(44), C2H6 (50), C H ( 3 5 , 5 0 ) ,  CF4 ( 1 3 2 ) ,  CC1F3 (132)) 
2  4  
as w e l l  as the four hydrogen systems H -X (X = A r  (87), CH4 ( 6 1 ) ,  2  
C2H6 (52)  and C H (51))and t h e  two hydrogen sys tems  of  t h i s  work were 
2  4  
summarized f o r  comparison. S i n c e  t h e i r  t h e o r e t i c a l  models f o l l o w  
s i m i l a r  t r e n d s  as t h e  exper imenta l  d a t a ,  t h e  e x p e r i m e n t a l  d a t a  a r e  
compared and ana lyzed  w i t h  t h e  h e l p  of t h e  t h e o r e t i c a l  models. From 
t h i s  comparison and a n a l y s i s ,  i t  i s  found t h a t  t h e  major  d i f f e r e n c e  
between t h e  helium and t h e  hydrogen systems i s  t h e  B v a l u e s .  The 
1 2  
m a j o r i t y  of t h e  B v a l u e s  o f  t h e  he l ium b i n a r y  sys tems f a l l  i n  t h e  
12 
p o s i t i v e  r e g i o n  w h i l e  a l l  t h e  B v a l u e s  of t h e  hydrogen b i n a r y  sys tems 
1 2  
f a l l  i n  t h e  negat. ive reg ion .  I f ,  i n  Equa t ion  (V-6), which i s  
a p p l i c a b l e  a t  moderate  p r e s s u r e s ,  t h e  c o n t r i b u t i o n  of tile l n ( x  ) term 
1 
i s  n e g l e c t e d ,  t h e  e q u a t i o n  i s  s i m p l i f i e d  as fo l lows :  
(VII-  1 )  
I n  the ca l .cu la t ion  of the  enhancement f a c t o r s  f o r  a hydrogen 
and a helium binary  system with t h e  same condensed component, a l l  t he  
parameters i n  Equation (VII-1) a r e  the same f o r  both systems except  B 
12 ' 
This equat ion  i s  capable of p r e d i c t i n g  the  fol lowing experimental ly  
observed c h a r a c t e r i s t i c s  of the He-X and H -X systems discussed i n  t h i s  
2 
t h e s i s  : 
(1)  A t  t he  same temperature and p re s su re ,  the  hydrogen systems 
always show l a r g e r  enhancement f a c t o r s  than t h e  corresponding helium 
systems. 
( 2 )  A t  a given pres su re ,  t he  enhancement f a c t o r s  of t h e  hydrogen 
systems always decrease  a s  temperature i nc reases ,  while  the  helium 
systems, except  t he  He-Ar system, show a n  enhancement f a c t o r  minimum 
on each of t h e i r  enhancement f a c t o r  i soba r s .  
( 3 )  A t  a given temperature,  y va lues  of the  helium systems 
1 
always decrease a s  p re s su re  i nc reases ,  while  the  hydrogen systems show 
a y1 minimum on each o f  t h e i r  y isotherms a t  low temperatures.  
1 
( 4 )  At 20 atmosphere, the enhancement f a c t o r s  of t he  hydrogen 
systems always decrease a s  temperature i nc reases ,  whi le  many helium 
systems (35) show a minimum a s  we l l  a s  a maximum on each of t h e i r  20 
a t m  enhancement f a c t o r  i soba r s .  
(5) A t  a given temperature,  the  enhancement f a c t o r s  of the  
hydrogen systems inc reasewi th  p ra s su re  more rap id ly  than those of the 
corresponding helium systems. 
Therefore, ,  the  va lues  of B a r e  respons ib le  f o r  t h e  d i f f e r e n c e s  
12 
exhib i ted  by the  two systems. I t  is  expected t h a t  a hydrogen system 
w i l l  behave l i k e  a helium system i n  the  temperature r eg ion  where the 
B va lues  a r e  p o s i t i v e .  
12 
For the l i q u i d  phase, the s o l u b i l i t y  of hydrogen i s  always higher  
t h a n  t h a t  of helium i n  the same condensed phase a t  t he  same temperature 
and pressure .  This can be explained by the f a c t  t h a t  the a t t r a c t i v e  
f o r c e  between t h e  hydrogen and the  condensed component molecules i s  
g r e a t e r  than that: between the helium and the condensed component mole- 
c u l e s .  
The method of P i e r o t t i  (92, 93, 94) ,  which i s  based on the  sca led  
m -4 s  
p a r t i c l e  theory (105) ,  was used t o  p r e d i c t  the  H 
2  ' V2, and A H  va lues  2 
of t he  hydrogen-carbon t e t r a f l u o r i d e  and hydrogen-chlorotrifluoromethane 
systems. The mel:hod of P i e r o t t i  p r e d i c t s  H~ va lues  which a r e  too l o w  
2 
by a f a c t o r  of 4 a t  low temperatures and a l s o  too  low by a  f a c t o r  of 
1.5 a t  high temperatures f o r  t he  hydrogen-carbon t e t r a f l u o r i d e  system. 
An in t roduc t ion  of a  c o r r e c t i o n ,  KLJ = 0.33, t o  the  geometric mixing 
r u l e  fo r  t h e  Lemiard-Jones energy p o t e n t i a l  i s  requi red  t o  b r i n g  t h e  
t h e o r e t i c a l  va lues  w i t h i n  + 20 percent  i n t o  agreement with the  
experimental  values.  For the hydrogen-chlorotrifluoromethane system, 
m 
the  P i e r o t t i  method p r e d i c t s  H va lues  which a r e  approximately 10 percent  
2  
lower than the experimental values except t he  va lue  a t  t he  lowest 
temperature.  The p red ic t ed  H" i s  approximately 30 percent  lower than 
2 
t h e  experimental va lue  a t  t he  lowest temperature. Tlre H; values  
p red ic t ed  with a  c o r r e c t i o n ,  K = 0.05, show very  good agreement wi th  
LJ 
the experimental va lues .  It has been mentioned by P i e r o t t i  (92) t h a t  
the p r e d i c t i o n  of pie ma^ be considered s a t i s f a c t o r y  i f  the  p red ic t ed  
2 
iO 
H a r e  w i th in  a  f a c t o r  of two of  the  observed va lues .  The discrepancy 2 
between t h e  observed and p r e d i c t e d  Ha is  mainly  caused by t h e  uncer-  
2  
t a i n t y  of t h e  a v a l u e s ,  t h e  method used t o  o b t a i n  t h e  i n t e r a c t i o n  energy ,  
1 
and the  LJCL paramete rs  used i n  t h i s  c a l c u l a t i o n .  
a 
The p r e d i c t i o n s  of V and AH' might show b e t t e r  agreement w i t h  
2  2  
t h e  exper imenta l  v a l u e s ,  i f  t h e  v a l u e s  o f  B and CY used were  those  
T P 
e x p e r i m e n t a l l y  de te rmined .  
Recommendations 
(1)  Run t h e  hydrogen systems t o  t h e  h i g h e r  t empera tu re  r e g i o n  
where t h e  B v a l u e s  a r e  p o s i t i v e .  Hopefu l ly ,  t h e r e  w i l l  be a minimum 
12 
on  t h e  i s o b a r  f o r  t h e  enhancement f a c t o r  a t  h i g h e r  p r e s s u r e .  
(2)  Run t h e  llelium systems t o  t h e  lower t empera tu re  r e g i o n  where 
t h e  B v a l u e s  a r e  n e g a t i v e  t o  s e e  i f  t h e r e  i s  a y  minimum on  t h e  
12 1 
composi t ion i s o t h e r m  a t  h i g h e r  p r e s s u r e .  
(3)  Run b o t h  sys tems a t  p r e s s u r e s  lower  t h a n  t h e  c r i t i c a l  
p r e s s u r e  of t h e  condensed component t o  s e e  i f  t h e r e  i s  a maximum on 
t h e  i s o b a r  f o r  t h e  enhancement f a c t o r .  
( 4 )  I n  t h e  comparison of t h e  hydrogen and t h e  he l ium systems 
wi th  t h e  same condensed component, i t  might b e  i n t e r e s t i n g  t o  compare 
t h e  two systems based on  t h e  same T 
~2 ' 
( 5 )  Use t h e  v a l u e s  o f  t h e  hard s p h e r e  d iamete r  a o b t a i n e d  f o r  1 
c a r b o n  t e t r a f l u o r i d e  and c h l o r o t r i f l u o r o m e t h a n e  t o  c a l c u l a t e  t h e  
S 
t h e o r e t i c a l  H;, y;, and AH2 f o r  t h e  hel ium systems by u s i n g  P i e r o t t i t  s 
method. Use t h e  v a l u e s  o f  al f o r  a r g o n ,  methane,  e t h a n e ,  and e t h y l e n e  
S 
o b t a i n e d  by Garber (35) I o  c a l c u l a t e  t h e  t h e o r e t i c a l  H;, , and AH2 
f o r  t h e  hydrogen systems. 
( 6 )  Use some o t h e r  t h e o r e t i c a l  models such a s  one which used 
t h e  Redlich-Kwong equa t ion  o f  s t a t e  (103) t o  p r e d i c t  t he  enhancement 
f a c t o r .  Hopeful ly ,  t h e  model can r ep re sen t  the experimental  d a t a  n o t  
only q u a l i t a t i v e l y ,  but  a l s o  q u a n t i t a t i v e l y  a s  w e l l .  
APPENDIX A 
TEMPERATURE SCALE USED AND CORRECTIONS FOR PRESSURE GAUGES 
The temperature  measurements repor ted  i n  t h i s  work were ob t a in& 
by us ing  a  plat inum r e s i s t a n c e  thermometer. The thermometer, made by 
Leeds and Northrup Company, s e r i a l  Number 1583528, has been c a l i b r a t e d  
by the U .  S. Nat iona l  Bureau of Standards on t h e  I n t e r n a t i o n a l  P r a c t i c a l  
Temperature S c a l e  of 1948. A l l  temperature  measurements i n  t h i s  work 
were repor ted  on t h e  IPTS-68 s c a l e .  The measured temperatures  were 
converted from IPTS-48 t o  IPTS-68 based on the  c o r r e c t i o n  given by 
Barber ( 2 ) .  Conversion of the  temperature s c a l e  was made us ing  the  
fol lowing r e l a t i o n  
The u n c e r t a i n t y  of the  temperature measurement i s  + 0.03 K which i s  
es t imated  from t h e  temperature g r a d i e n t s  a long  t h e  equ i l i b r ium c e l l  
and the  c e l l  temperature f l u c t u a t i o n .  
The p re s su re  measurements i n  t h i s  work were ob ta ined  from two 
p re s su re  gauges. The two p re s su re  gauges were c a l i b r a t e d  by Kirk  (61) 
a g a i n s t  a  dead weight t e s t e r  and r e c e n t l y  c a l i b r a t e d  by Garber (35) 
us ing  t h e  vapor p re s su re  of argon and carbon d ioxide .  Garber (35) 
and Yoon (132) have a l s o  checked these  two p re s su re  gauges by p r e s s u r i z -  
i n g  t he  two gauges from 50 t o  540 p s i  and then dep re s su r i z ing  from 540 
t o  0  p s i .  Tile average d i f f e r e n c e  between these  two p re s su re  gauges 
was found t o  be  10.0 p s i  by Garber and 9.7 p s i  by Yoon. A s i m i l a r  
test was a l s o  done be fo re  t ak ing  the  phase equ i l i b r ium d a t a .  The 
d i f f e r e n c e  between the  two gauges was found t o  be 10.4 p s i .  The 
u n c e r t a i n t y  of  t h e  p re s su re  measurements i s  + 0.05 percent  which i s  
es t imated  from the  unce r t a in ty  of t he  vapor p re s su re  measurements done 
by Garber (35) and the p r e c i s i o n  i n  read ing  the p re s su re  s c a l e s .  
According t o  the c o r r e c t i o n s  made by Garber,  10.0 p s i  was added 
t o  t he  high p re s su re  gauge read ing  and 1 p s i  was added t o  t h e  low 
p re s su re  gauge read ing .  
APPENDIX B 
HELIUM-CARBON TETRAFLUORIDE MEASUREMEN T 
I n  o r d e r  t o  check the  phase equ i l i b r ium appara tus  and t o  acqu i r e  
some ope ra t ing  technique,  four  experimental p o i n t s  of the  helium-carbon 
t e t r a f l u o r i d e  system previous ly  obtained by Yoon (132) were re run .  
The c a l i b r a t i o n  curves of t he  helium-carbon t e t r a f l u o r i d e  system 
were checked be fo re  t h e  phase equi l ibr ium d a t a  were taken. The r e s u l t s  
a r e  w i t h i n  the e r r o r  claimed by Yoon. The experimental  gas and l i q u i d  
compositions found a t  147.10 K a r e  shown i n  Figure 45 toge the r  wi th  
Yoon's r e s u l t s .  It can be seen t h a t  these  p o i n t s  agreed wi th in  + 2 per-  
c e n t  of Yoon's curves.  
These r e s u l t s  confirm t h a t  both the  opera t ing  condi t ion  of the 
appara tus  and the ope ra t ing  technique used a r e  s a t i s f a c t o r y .  
0 x2 This Work 
1 x2 Yoon (132) 
0 g This Work 
0 2 0 40 60 8 0 
P ,  atm 
Figure 45. Experimental Enhancement Factors and Helium 
Solubi l i ty  i n  Liquid for the Helium-Carbon 
Tetrafluoride System a t  147.10 K .  
APPENDIX C 
CALIBRATION OF GAS CHROMATOGRAPHS 
I n  des igning  the  experimental  runs of t h i s  inves t i g a t  ion,  
t he  approximate range o f  gas phase compositions w a s  es t imated by us ing  
the  LJCL model and assuming t h a t  t h e  l i q u i d  phase i s  pure.  The approxi-  
mate range of l i q u i d  phase compositions was determined by two a c t u a l  
runs a t  120 atm of the  h ighes t  and a t  20 atm of the lowest  temperatures.  
P r i o r  t o  the c a l i b r a t i o n  of the two Perkin-Elmer vapor f r a c t o -  
meters 154B and 154D, t h e  s e p a r a t i o n  columns, the  c a r r i e r  gases  and 
the  ope ra t ing  condi t ions  must be proper ly  s e l e c t e d  t o  ob ta in  the b e s t  
s epa ra t ion  and the  b e s t  peak of the  gases  t o  be analyzed. The s e l e c t e d  
sepa ra t ion  columns, the c a r r i e r  gases ,  and the  ope ra t ing  condi t ions  
fo r  the two chromatographs a r e  sl~own i n  Table 10. A f t e r  the  optimum 
condi t ions  f o r  the c a l i b r a t i o n  were obta ined ,  a s tandard  b o t t l e  was 
made f o r  each chromatograph a t t e n u a t i o n  switch.  
The composition f o r  each s tandard  b o t t l e  was made such t h a t  t h e  
peak he igh t  is  about  th ree-quar te r  of the  width of the  recorder  c h a r t  
paper. The peak he ights  f o r  s e v e r a l  s tandard  b o t t l e s ,  which cover t h e  
e n t i r e  composition range of the phase equi l ibr ium measurement, were 
measured w i t h i n  two hours .  The assigned peak he igh t  t o  each s tandard  
b o t t l e  was used t o  c o r r e c t  any d r i f t  caused by day t o  day v a r i a t i o n .  
During t h e  phase equi l ibr ium measurement, the  peak he igh t  of t he  
corresponding s tandard  b o t t l e  was measured immediately a f t e r  the  
Table 10. Operat ing Condit ions of Chromatograph 





S ieve  5A 
S i l i c a  Gel S i l i c a  
Ge 1 
Length, meter 1 
Argon He1 ium 
16.4 
5 0 
Helium C a r r i e r  Gas 
Sample S i z e ,  cc  
0 Oven Temperature, C 
Pressure  i n s i d e  
Column, p s i g  
F l o w  Rate,  cc/min 
a t  Room T and Room P 
Detec tor  Voltage a t  
Shunt,  mv 
Recorder Voltage a t  
Shunt,  mv 
Chart Speed, incheslmin 
*These vol-tages caused a d e f l e c t i o n  of  95 d i v i s i o n s  on 
the  recorder  cha r t .  
unknown sample was measured. The unknown sample peak he igh t  was 
cor rec ted  by mul t ip ly ing  by the  r a t i o  of the s tandard  peak he ight  of 
the  s tandard  b o t t l e  and the  measured peak he ight  of  t he  s tandard  b o t t l e .  
This r a t i o  r a r e l y  d i f f e r e d  from u n i t y  by more than  2 percent .  
I n  cons t ruc t ing  the  c a l i b r a t i o n  curves ,  t he  gas mixtures  of 
known compositions were prepared i n  a gas mixing b u r e t t e  designed by 
Kirk (61) .  The c o r r e c t i o n  f o r  gas imperfec t ion  was taken i n t o  cons idera-  
t i o n  i n  prepar ing  t h e  gas mixture of known composition. The c a l i b r a t i o n  
curves were cons t ruc ted  by p l o t t i n g  the  va lues  of (h . s )  versus  (h.s /y)  
on a semilog paper ,  where h i s  the  co r r ec t ed  peak h e i g h t ,  s  i s  the f a c t o r  
of t he  a t t e n u a t i o n  switch,  and y i s  the composition of the  minor compo- 
nent  of a sample. 
To determine the  composition of the sample gas from the  equi l ibr ium 
c e l l ,  the  gas sample w a s  analyzed by us ing  the gas chromatograph. With 
the  known va lue  of t he  co r r ec t ed  peak he igh t  and the  f a c t o r  of the  
a t t e n u a t i o n  switch,  the  gas compositions were determined from the c a l i b r a -  
t i o n  curves.  
Analysis  of Carbon T e t r a f l u o r i d e  i n  Hydrogen 
The c a l i b r a t i o n  curve of the carbon t e t r a  f l u o r i d e  i n  hydrogen 
requi red  f o r  t he  de te rmina t ion  of t he  gas phase composition w a s  obtained 
us ing  the 154D chromatograph. Tile c a l i b r a t i o n  curve i s  shown i n  F igure  
46 .  Nine s tandard  b o t t l e s  were prepared t o  cover the composition range 
from 0.05 t o  20 mole percent .  I n  t h i s  c a l i b r a t i o n  the  gas mixture made 
up i n  the gas b u r e t t e  was cor rec ted  fo r  gas imperfect ion by 0.4 percent .  
A smooth curve was drawn through the c a l i b r a t i o n  p o i n t s  and a l l  po in t s  







Check p o i n t s  a f t e r  completion 
o  E Gas-Liquid meaaurements 
F igure  46. C a l i b r a t i o n  Curve of Carbon T e t r a f l u o r i d e  
i n  Hydrogen. 
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f e l l  w i t h i n  + 2.5 mole percent  from the  s e l e c t e d  curve. A f t e r  completion 
of t he  phase equ i l i b r ium runs,  s i x  a d d i t i o n a l  po in t s  were made t o  check 
the  v a l i d i t y  of the c a l i b r a t i o n  curve. 
Analys is  of Chlorotr i f luoromethane i n  Hydrogen 
Figure  47 shows the  c a l i b r a t i o n  curve obtained f o r  c h l o r o t r i -  
fluoromethane i n  hydrogen us ing  the 154D chromatograph. Nine s tandard  
b o t t l e s  were prepared t o  cover  t he  composition range from 0.05 t o  23 
mole percent  of chlorotr i f luoromethane.  A 1.1 percent  c o r r e c t i o n  f o r  
gas imperfect ion of  t he  gas mixture w a s  appl ied  i n  making up the  s tandard 
gas mixture i n  the  gas mixing b u r e t t e .  A smooth curve was drawn through 
the  c a l i b r a t e d  p o i n t s  and a l l  p o i n t s  f e l l  w i t h i n  + - 3.0 mole percent  
from the s e l e c t e d  curve. The c a l i b r a t i o n  curve w a s  checked a f t e r  
completing the  phase equ i l i b r ium runs  f o r  the  hydrogen-chlorotrifluoro- 
methane system. The checked p o i n t s  a r e  a l s o  shown i n  F igure  47. 
Analys is  of Hydrogen i n  Carbon Te t r a f luo r ide  
and Chlorotr i f luoromethane 
The 154B chromatograph w a s  used t o  ana lyze  the l i q u i d  phase 
samples f o r  the  composition of  hydrogen i n  carbon t e t r a f l u o r i d e  and i n  
ch loro t r i f luoromet l~ane .  Only one c a l i b r a t i o n  curve was cons t ruc ted  t o  
cover the composition range of 0.45 t o  9.99 mole pe rcen t  of hydrogen. 
A l l  of the c a l i b r a t i o n  p o i n t s  f e l l  w i t h i n  + 2 mole percent  of t he  
s e l e c t e d  curve. S i x  s tandard b o t t l e s  were requi red  t o  cover t h i s  
range. The same amount of  gas imperfect ion f o r  the  gas mixture s t a t e d  
e a r l i e r  was a l s o  app l i ed  i n  making the  gas mixture i n  the  gas  mixing 
b u r e t t e .  The c a l i b r a t i o n  curve f o r  the hydrogen a n a l y s i s  i s  shown 
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in Figure 48 together with the checked points. 
The 154B c:hromatograph had been modified by Yoon (132) for 
the purpose of obtaining a better separation of helium from carbon 
tetrafluoride or chlorotrifluoromethane. A seven foot column of silica 
gel (30160 mesh) was externally installed between the sample valve 
and the main molecular sieve separation colunm. The externally 
installed column was also used in this work for the same purpose. Since 
chlorotrifluoromethane is permanently adsorbed on the molecular sieve 
5A, chlorotrifluoromethane was vented to the air immediately after the 
hydrogen peak was measured in order to prevent this  fluorocarbon from 
entering the main column. 
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Figure 48. Cal ibra t ion Curve of Hydrogen i n  Carbon Tetraf luor ide  
and Chlorotrifluorometl~ane .
APPENDIX D 
SUMMARY OF EXPERIMENTAL PHASE EQUILIBRIUM DATA FOR 
THE HYDROGEN-CARBON TETRAFLUORIDE AND HYDROGEN- 
CHLOROTRIFLUOROMETHANE SYSTEMS 
The experimental phase-equilibrium data for the hydrogen-carbon 
tetrafluoride and hydrogen-chlorotrifluoromethane systems are presented 
in Tables 11 and 12. The data are presented in the order they were 
measured. The first column in these tables gives the code name of the 
sample. The first letter G or L indicates whether the sample was taken 
from the gas or liquid phase. The second letter represents the isotherm 
being measured. The first number designates the pressure setting and 
the second number is the sequence number of the samples taken at each 
pressure point. 
The temperatures are reported in the (IPTS -68). The temperature 
of the gas and 1i.quid samples was the average temperature indicated 
by the platinum resistance thermometer at the moment of withdrawal. 
The equilibrium cell temperature was always maintained at f 0.03 K and 
temperature gradients along the equilibrium cell are always less than 
0.03 K for both systems. The uncertainty of the pressure measurement 
is +_ 0.5 percent. The pressure reading did not change significantly for 
each pressure setting. 
The uncertainty of the gas phase composition measurement is + 2.5 
f o r  t h e  hydrogen-carbon t e t r a f l u o r i d e  sys tem and + 3.0  p e r c e n t  f o r  
t h e  hydrogen-chlorotrifluoromethane system. The u n c e r t a i n t y  o f  t h e  
l i q u i d  phase  compos i t ion  measurement i s  5 2.0 p e r c e n t  f o r  bo th  systems. 
With t he  u n c e r t a i n t i e s  g i v e n  above,  t h e  last  number i n  t h e  numer ica l  
v a l u e s  of yl and x i s  inc luded  o n l y  f o r  t h e  purpose  o f  i n t e r n a l  
2 
c o n s i s t e n c y  i n  t h e  numer ica l  c a l c u l a t i o n .  The normal f low r a t e  o f  t h e s e  
exper imenta l  p o i n t s  was 100 c c / h r  a t  t h e  c e l l  t empera tu re  and p r e s s u r e ,  
u n l e s s  s p e c i f i e d .  
Also  shown i n  Table 11 and 12 a r e  t h e  e q u i l i b r i u m  K-values,  
determined by the relation K = yi /xi .  i 
Table 11. Experimental Gas and Liquid Phase Equilibrium Composi- 
tions in the Hydrogen-Carbon Tetrafluoride System. 
Sample No. P ,  a t m  
- - - -  -- - 
1 0 0 ~ ~ ~  0 lOOx 





Table  1 1 .  (Continued) 
S a m p l e N o .  T , K  P , a t m  
Pol ' atm moleL% 
S e l e c t e d  164 .99  
S e l e c t e d  164 .99  
S e l e c t e d  164 .99  
Table 11. (Continued) 
1 0 0 ~ ~  
Pol '  
atm mole % 
100x2 




Table 11.  (Continued) 
Sample No. T ,  K P ,  atm P 01 ' atm 
S e l e c t e d  149.98 40.30 1.3903 5 .335 1.546 2.923 54.96 32.39 
S e l e c t e d  149.98 
S e l e c t e d  149.98 
S e l e c t e d  149.98 
Table 11. (Continued) 
1 0 0 ~ ~  lOOx 




Selected 135 .O1 
Table 11. (Continued) 
- - 
l0Oy 100x2 
Sample No. T,  K P ,  atm atm mole /, @ mole % Kl x 10 1, 3 
P o l  ' K2 
Selec ted  
Selected 
Selected 
Table 11. (Continued) 
1 0 0 ~ ~  100x2 
Sample No. T ,  K P,  atm Pol, atm mole % 0 mole % K1 x 10 3 K2 
Selec ted  135.01 
Se lec ted  119.95 
Se lec ted  119.94 
Table 11. (Continued) 
- -  
l0Oy lOOx 






Table 11. (Continued) 
lOOy lOOx 
Sample No. T ,  K P,  atm atm mole1% 8 mole2% K~ x 10 3 
P o l '  2  
Se lec ted  94.94 
Selec ted  94.94 
Selec ted  94.94 
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Table 11. (Continued) 
1 0 0 ~ ~ ~  
mole A 
100x2 




Table 11. (Cont inued)  
100yl 100x2 
Sample No. T ,  K P ,  a t m  a t m  mole % @ mole % K l  x 1 0  3  P o l '  K 2  







S e l e c t e d  105 . O 1  
S e l e c t e d  105 . O 1  
Table l l . (Cont inued)  
1 0 0 ~ ~ ~  100x2 
8 mole % K1 x 10 3 Sample No. T, K P ,  atm P o l  ' atm mole 2 
Se l ec t ed  105 . O 1  60.18 0.016684 0.1095 3.959 1.714 1.114 58.28 
Se lec ted  105 . O 1  
Se lec ted  105.01 
Se l ec t ed  105 . O 1  120.00 0.016644 0.1463 10.548 3.048 1.509 32.76 
* Flow Rate was h a l f  t h e  normal flow rate. ** Flow rate was twice  t h e  normal flow r a t e .  
Table 12. Experimental Gas and Liquid Phase Equilibrium Compositions 
in the Hydrogen-Chlorotrifluoromethane System. 
l0Oy 1oox2 













Table 12. (Continued) 
lOOy 100x2 






Table 1 2 .  (Continued) 
l0Oy 
1, mole /, 
100x2 
mole % Sample No. P ,  atm P o l '  
atm 
G1C3 119.99 0 .3904 
G 1 C 4  160.018 119.99 0 -  12416 0 .3944 
G1C5 - +0.015 119.99 0.3923 
G1C6 119.99 0 .3884  
LlCl 119.99 
L1C2 119.99 
S e l e c t e d  
S e l e c t e d  
S e l e c t e d  
Table 12. (Continued) 
- -- 
l0Oy 




Table 1 2 .  (Continued) 
1 0 0 ~ ~  100x2 
Sample No. T, K P ,  a t m  atm mole % 0 mole % K1 x 10 3 




Table 12. (Continued) 
1 0 0 ~ ~  lOOx 






Table 12.  (Cont inued)  
1 0 0 ~ ~  lOOx 
Sample No. T, K P ,  a t m  Pol, a t m  mole % 0 mole2% K1 x 10 3 2 
S e l e c t e d  
S e l e c t e d  
S e l e c t e d  
T a b l e  1 2 .  (Cont inued)  
l0Oy lOOx 
Sample NO. T ,  K P ,  a t m  Pol, a t m  mole1% 8 mole  2, L K x 10 3 
1 K2 
S e l e c t e d  
S e l e c t e d  
S e l e c t e d  
Table 12. (Continued) 
- 
100y lOOx 
Sample N o .  T ,  K P ,  atm atm mole /, 0 mole lo K x 10 10 2, 3 





T a b l e  1 2 .  (Con t inued)  
1 0 0 ~ ~  lOOx 
Sample No. T, K P ,  a t m  Pol, a t m  mole  % fl mole  lo K1 x 1 0  2, 3 
2 
S e l e c t e d  
S e l e c t e d  
S e l e c t e d  
Table 12.  (Continued) 
Sample No. 
1 0 0 ~ ~  
P, atm 
Pol '  






Tab l e  12. (Continued) 
100~ 
mole % 
l o  ox 




T a b l e  12. ( C o n t i n u e d )  
1 0 0 ~ ~  lOOx 
S a m p l e  N o .  T, K P ,  a t m  Pol,  a t m  m o l e  % fl m o l e  /. K1 x 10 2, 3 
K2 
S e l e c t e d  
S e l e c t e d  
S e l e c t e d  
S e l e c t e d  

APPENDIX E 
SMOOTHED EXPERIMENTAL AND THEORETICAL ENHANCEMENT FACTORS 
AND SMOOTHED EXPERIMENTAL SOLUBILITY OF HYDROGEN 
The phase equi l ibr ium d a t a  of the hydrogen-carbon t e t r a f l u o r i d e  
and hydrogen-chlorotrifluoromethane systems have been smoothed by 
us ing  a l e a s t  squares  f i t t i n g  program. The experimental  d a t a  on each 
isotherm expressed a s  0 or x were f i t t e d  t o  polynomials of o rde r  1 up 
2 
t o  o rde r  4 .  The b e s t  f i t t e d  polynomial was s e l e c t e d  t o  c a l c u l a t e  t hese  
q u a n t i  t i  t e s  a t  smoothed p re s su res .  The dev ia t ions  of  the  experimental  
va lue  from the smoothed va lue  a r e  always l e s s  than 2 percent .  The 
smoothed experimental  v a l u e s ,  t oge the r  w i th  va lues  of 0 ca l cu la t ed  from 
t h e  t h e o r e t i c a l  models, a r e  shown i n  Tables 13 and 14 .  
The t h e o r e t i c a l  enhancement f a c t o r s  of the  hydrogen-carbon 
t e t r a f l u o r i d e  system were ca l cu la t ed  from f i v e  d i f f e r e n t  t h e o r e t i c a l  
models f o r  the gas phase. These f i v e  models a r e  the  Lennard-Jones 
(6-12) c l a s s i c a l  (LJCL) ; t h e  Kihara core  model (KIH); t h e  Kihara core  
model (KIHCK12) with K ca l cu la t ed  from Equation (V-5) ; the BWR equa- 
12 
t i o n  wi th@ ) ca l cu la t ed  us ing  a l i n e a r  average (BWR(LINEAR)), and 
0 12 
the BWR equat ion with (B ) ca l cu la t ed  us ing  t h e  Lorentz average 
0 12 
(BWR(L0RENTZ)) . Only t h r e e  models (WCL), (KIH) , (KIHCK12) were c a l -  
cu la ted  f o r  the hydrogen-chlorotrifluoromethane system, s i n c e  the 
cons t an t s  of the  BWR equat ion f o r  ch loro t r i f luoromethane  a r e  no t  
a v a i l a b l e .  
The t h e o r e t i c a l  enhancement f a c t o r s  and t h e  smoothed exper imenta l  
d a t a  i n  t h e  gas-1-iquid r e g i o n  o f  t h e  hydrogen-argon (87) , hydrogen-methane 
( 6 1 ) ,  hydrogen-ethane ( 5 2 ) ,  and hydrogen-ethylene (51) sys tems a r e  a l s o  
p r e s e n t e d  i n  Table  15 through Tab le  18. F i v e  t h e o r e t i c a l  models (LJCL), 
(KIH), (KIHCK121, BWR(L1NEAR) and BWR(L0RENTZ) were  c a l c u l a t e d  f o r  t h e  
hydrogen-methane (61) and hydrogen-ethane (52) sys tems.  Bes ides  t h e s e  
models,  t h e  (KIHEK12) model was a l s o  c a l c u l a t e d  f o r  t h e  hydrogen-ethylene 
system (51) .  The (KIHEK12) model i s  c a l c u l a t e d  by u s i n g  t h e  e x p e r i m e n t a l  
K 1 ~  
v a l u e  shown i n  Table  2 o f  Chap te r  V.  Tilree t h e r o e t i c a l  models 
(LJCL), (KIH), and BWR(L0RENTZ) c a l c u l a t e d  f o r  t h e  hydrogen-argon 
system are t a k e n  d i r e c t l y  from t h o s e  p r e s e n t e d  by M u l l i n s  (87) .  
Table 13 .  Smoothed Experimental and Theore t i ca l  Enhancement Fac to r s  
of Carbon Te t r a f luo r ide  i n  Hydrogen, and the  Smoothed 
Experimental S o l u b i l i t y  of Hydrogen i n  Liquid Carbon 






K I H  
0 
BWR ( a )  






K I H  
a  LORENTZ 
b LINEAR 
Ext rapola ted  Value 
Table 14. Smoothed Experimental and Theoretical Enhancement Factors 
of Chl.orotrifluoromethane i n  Hydrogen, and the Smoothed 
Experimental So lub i l i ty  of Hydrogen i n  Liquid Chlorotr i-  
fluoromethane. 
P 0 0 0 0 
L JCL K I H  KIHCK12 100x2 atm e*P 
Table 14. (Continued) 
P 0 8 0 0 







Table  15. Smoothed Exper imental  and T h e o r e t i c a l  Enhancement F a c t o r s  
of Ethane i n  Hydrogen, and t h e  Smoothed Exper imenta l  
S o l u b i l i t y  of Hydrogen i n  L iqu id  Ethane.  
P Q 8 8 0 0 0 
K I H C K 1 2  BWR(a) BWR(b) 
100x2 
a t m  exP LJCL KIN 
Tab 1 e 15. (Continued) 
P fl fl 0 0 8 
BWR(a) 
0 
LJCL K I H C K 1 2  BWR(b) 
100x2 
atm exP K  IH 
a LORENTZ 
b LINEAR 
* Extrapolated Value 
Table 16. Smoothed Experimental and Theore t i ca l  Enhancement Fac tors  of  
Ethylene i n  Hydrogen, and the  Smoothed Experimental S o l u b i l i t y  
o f  Hydrogen i n  Liquid Ethylene.  
P 8 8 
a t m  exp LJCL 
8 8 8 0 
K I H  KIHCK12 KIHEK12 BWR(a) 
Table 16. (Continued) 
P 8 8 8 8 8 0 0 100x2 
atm exp LJCL K I H  KIHCK12 KIHEK12 BWR(a) BWR(b) 
a LORENTZ 
b LINEAR 
* Extrapolated Value 
Jck N O  experimental values are ava i lab le  
x2 = 0.0 was used i n  the theoret ica l  ca lculat ion .  
Table 17. Smootl~ed Experimental and Theoretical Enhancement Factors 
of Methane in  Hydrogen, and the Smoothed Experimental Solu- 
b i l i t y  of Hydrogen i n  Liquid Methane. 
P 0 0 4 0 0 0 
atm LJCL K IH KIHCKl2 BWR(a) BWR(b) 100x2 exp 
b LINEAR 
* Extrapolated Value 
Table 18. Smoothed Experimental and Theore t i ca l  Enhancement Fac tors  
of Argon i n  Hydrogen, and t h e  Smoothed Experimental 
S o l u b i l i t y  of Hydrogen i n  Liquid Argon. 
P 0 0 0 0 




* Extrapola ted  Value 
APPENDIX F 
SELECTION OF PHYSICAL PROPERTY DATA FOR PURE COMPONENTS 
In the calcula t ion of the theore t i ca l  enhancement fac to r  and 
i n  the ext ract ion of the experimental values of B ~ e n r y ' s  law 1 2  ' 
constant ,  and p a r t i a l  molar volume from phase equilibrium da ta ,  the 
following physical  property data for  the pure components a r e  required: 
1. The Lennard Jones (6-12) c l a s s i c a l  and the Kihara 
core model po ten t ia l  parameters. 
2 .  Second and th i rd  v i r i a l  coef f i c ien t  data.  
3.  Parameters for  the BWR equation. 
4. Vapor pressure data  for  the condensed components. 
5. C r i t i c a l  constants,  saturated l iquid  molar volume, and the 
isothermal compressibility of the sa tura ted l iqu id  for  
the condensed components. 
Usually the  Lennard-Jones (6-12) c l a s s i c a l  and the Kihara 
core model po ten t ia l  parameters a r e  extracted using the experimental 
values of the second v i r i a l  coef f i c ien t .  Two good summaries of ava i l -  
able  v i r i a l  coef f i c ien t  data a r e  presented by David and Hamann (22) 
and Dymond and S m i t h  (30) .  The po ten t ia l  parameters se lected fo r  use 
i n  t h i s  work a r e  summarized i n  Table 19. The ava i lab le  BWR parameters 
fo r  the components of i n t e r e s t  in t h i s  work a r e  summarized i n  Table 20. 
The source of the  second v i r i a l  coef f i c ien t  data used t o  ex t r ac t  the 
po ten t ia l  parameters and the source of the P-V-T data  used t o  ex t rac t  
m m d a  
o m o r l m  
n O r n d \ D O  
0 3 .  . . . 
2 2 m m o o  
. m . N . "  
m o m  
= C O N  
W d *  
Table 20. BWR Equation of State Parameters 
(Unit: liter-atm-K-gm mole) 
R e f .  
H2 CF4 CH4 C2H6 
Ar C H 
2 4 
(8 6 )  (28) (87) (5) (7) ( 7) 
* Number in parentheses indicates power of 10. 
** Co 3 = (1-7.5175635(Tc-T) x + 5.3958077(T - T ) ~  x - 1.2521827(Tc-T) x 
C 
4 + 7.3843279(T -T) x x 6505.1649 for T r 150.86 K 
C 
*** b = 3.3834422 x + 2 x 1.6321985 x loJ/(Rx~) 
t he  BWR parameters w i l l  be descr ibed sepa ra t e ly  f o r  each component. 
I n  t he  p r e d i c t i o n  of the  t h e o r e t i c a l  enhancement f a c t o r ,  the  
Lennard-Jones (6-12) model and the  method of Chueh and P rausn i t z  (16) 
were used t o  c a l c u l a t e  the  t h i r d  v i r i a l  c o e f f i c i e n t s .  ' he  parameter 
used fo r  t h e  Lennard-Jones (6-12) model a r e  those shown i n  Table 19. 
The parameters needed f o r  the method of Cnueh and P rausn i t z  (16) a r e  
g iven  i n  Table 2 2 .  The method of Chueh and P rausn i t z  w a s  used only 
f o r  c a l c u l a t i n g  the  t h i r d  v i r i a l  c o e f f i c i e n t s  above T = 0.8 a s  
R i 
recommended by Chueh and P rausn i t z .  The c r i t i c a l  cons t an t s  shown i n  
Table 2 1  are used for  c a l c u l a t i o n s  made wi th  Equation (IV-11) and 
Equation (IV-64). 
Hydrogen 
A good summary o f  v i r i a l  c o e f f i c i e n t s  of hydrogen was given 
by Dymond and Sm.ith (30).  Hi rsche lder  e t  a l .  (48) obtained the  c l a s s i -  
c a l  Lennard-Jones parameters by f i t t i n g  the  second v i r i a l  c o e f f i c i e n t  
da t a  of Michels e t  a l .  (81) from 273.15 K t o  423.15 K .  K i rk  (61) 
obtained the parameters by f i t t i n g  t h e  second v i r i a l  c o e f f i c i e n t  d a t a  
of  White and Johnston (128) over t h e  range of 60 K t o  125 K .  These 
two s e t s  of parameters do not  cover the temperature range o f  i n t e r e s t  
i n  t h i s  work. A s e t  of parameters was obtained by a  l e a s t  squares  
program t o  f i t  the second v i r i a l  c o e f f i c i e n t  d a t a  of White and Johnston 
(128) over the range 90.04 K t o  249.99 K and the  d a t a  of  Michels,  
de Graaff and Seldam (81) over the range 98.15 K t o  248.15 K.  The 
r e s u l t i n g  c l a s s i c a l  v a l u e s , s / k = 3 1 . 6 8  K and b  = 32.73 cc/gm mole were 
0 
used in  t h i s  work. 
Table 2'1. Input Parameters for the Calculation of 
Isothermal Compressibility, B', using 
the Method of Chueh and Prausnitz (19). 
Compone nt Tc, K Vcy cc/gm mole atm 
Table 22. Input Parameters for the Calculation of 
Third Virial Coefficients Using the Method 
of Chueh and Prausnitz (16). 
Component Tc, K Vc, cclgm mole 
Two s e t s  of Kihara core  parameters (59,  98) were found i n  t he  
l i t e r a t u r e .  Tile Kiliara core parameters wi th  quantum co r rec t ions  ob- 
ta ined by P rausn i t z  and Myers (98) by f i t t i n g  the  second v i r i a l  
c o e f f i c i e n t  d a t a  of Michels, de Graaff and Seldam (81) over the  range 
of 98 K t o  423 K were se l ec t ed  f o r  use i n  t h i s  work. 
Severa l  s e t s  of BWR parameters f o r  hydrogen have been found 
i n  the  l i t e r a t u r e  (32, 74, 86) .  Four s e t s  of BWR parameters presented 
by Motar and Organick (86)  were determined from the  P-V-T d a t a  of 
Woolley e t  a1.(131) f o r  temperatures between 116.3 K t o  200.0 K .  
Among the  var ious  s e t s  of BWR parameters found i n  the  l i t e r a t u r e ,  the 
second s e t  o f  Motar and Organick (86) f i t s  the experimental  second v i r i a l  
c o e f f i c i e n t s  bes t  and was s e l e c t e d  f o r  use i n  t h i s  work. The experimen- 
t a l  second vi.ri.al c o e f f i c i e n t s  t oge the r  wi th  those  ca l cu la t ed  from 
var ious  t l l eo re t i ca l  models a r e  shown i n  Figure 49. 
Figure 50 shows the t i i i rd  v i r i a l  c o e f f i c i e n t  d a t a  of  Goodwin 
(36 ) ,  Whiie and Johnston (128) ,  and Michels e t  a l .  (81) t oge the r  w i t ?  
the value p red ic t ed  from var ious  t h e o r e t i c a l  methods. The method of  
Chueh and P rausn i t z  (16 )  and the  BWR equat ion b e s t  r ep re sen t  t h e  d a t a  
of  Goodwin e t  a1.(36) and Michels e t  a1.(81).  The Lennard-Jones (6-12) 
model f i t s  the d a t a  of White and Johnston (128) b e t t e r .  Both methods 
were used i n  t h i s  work t o  c a l c u l a t e  the t h i r d  v i r i a l  c o e f f i c i e n t s .  
Carbon Tet ra  f l u o r i d e  
The second v i r i a l  c o e f f i c i e n t s  of carbon t e t r a f l u o r i d e  have been 
experimental ly  measured by many i n v e s t i g a t o r s  (28 ,  53, 56, 7 0 ,  7 5 ) .  







: i n  a , , , . :  
80 100 120 140 160 180 200 220 240 260 
0 White & Johnston (128) 
A Michels e t  a l .  (81) 
0 Goodwin (36)  
T, K 
Figure 49. Second V i r i a l  Coeff ic ients  of Hydrogen. 
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Figure 50. Third V i r i a l  C o e f f i c i e n t s  of Hydrogen. 
tu re  range i n t e r e s t  i n  t h i s  work. However, two s e t s  of Lennard-Jones 
and Kihara core parameters (28, 110) were extracted from the P-V-T 
0 data  of Douslin e t  a l .  (28) i n  t he  temperature range of 0 C t o  3 5 0 ~ ~ .  
Yoon (132) has demonstrated tha t  the parameters of Sherwood and Prausnitz 
(110) f i t  the second v i r i a l  coef f i c ien t s  b e t t e r  a t  lower temperature 
ranges. Therefore, tlie LJCL and K I H  parameters extracted by Sherwood 
and Prausnitz were adopted in Yoon's and a l s o  i n  t h i s  work t o  ca lcu la te  
the second v i r i a l .  coef f i c ien t s  i n  the temperature range of i n t e r e s t .  
Douslin e t  a1.(28) a l s o  extracted a s e t  of BWR parameters from the same 
P-V-T data mentioned above. Of the three models, the Kihara model 
represents the experimental second vi.ria1 coef f i c ien t s  bes t ,  the Lennard- 
Jones model tends t o  predic t  too high values and the BWR model p red ic t s  
too low values a t  lower temperatures. 
Among the  experimental th i rd  v i r i a l  coef f i c ien t s  found in  the 
l i t e r a t u r e  (28, 70, 75) ,  no data a r e  avai lable  below 200 K .  Both the 
LJCL and BWR models f a i l  t o  represent  adequately the  experimental t h i rd  
v i r i a l  coef f i c ien t s .  The method of C11ueh and Prausnitz (16) f i t s  the 
d a t a  qu i te  well  f o r  T > 0.8. 
R 
The vapor pressure has been measured by a number of investiga- 
t o r s  (14, 80, 1 1 2 ,  115). Tile equation given by Simon e t  a l .  (112) was 
se lected fo r  use i n  t h i s  work. The equation i s  given a s  follows: 
log P (t:orr) = 6.8368405 - 511.69474/(T - 15.7744) 
T h i s  equation was se lected because i t  f i t s  both the  experimental data of 
Simon e t  a l .  (112) and Cliari (14) w i t h i n  0.5 percent  up t o  5 atm. 
The s a t u r a t e d  molar volumes of l i q u i d  carbon t e t r a f l u o r i d e  have 
been measured by seve ra l  i n v e s t i g a t o r s  (14 ,  65, 122).  Tlie equat ion 
given by Terry e t  a1.(122) covers  the e n t i r e  temperature range of t h i s  
work and r ep resen t s  t.!le experimental  d a t a  w i t h i n  a n  average dev ia t ion  
of 0.017 cc/mole, The equat ion shown below was s e l e c t e d  f o r  use i n  
t h i s  work t o  c a l c u l a t e  the sa tu ra t ed  molar volumes of l i q u i d  carbon- 
t e t r a r l u o r i d e .  
v(cm3!,rm mole) = 46.9166 + 1.25579 10-I  
x ( T  - 89.569) - 0.400011 loe3 ( T  - 89.569) 2 
1 2.32262 (T - 8 9 . 5 6 9 1 ~  - 2.71815 lo- '  
4 
x (T - 89.569) + 1.47465 lo-' ( T  - 89.569) 5 
Table 23 shows the  vapor p re s su res  calculat-ed from Equation 
(F-1) ,  the  molar volumes and the isotherm c o m p r e s s i b i l i t i e s  of t he  
s a t u r a t e d  l i q u i d  calculaLed from Equat ions (F-2) and (IV-11) r e spec t ive -  
l y .  A l l  c a l c u l a t i o n s  were based on t t ~ e  IPTS-48 temperature s c a l e .  
The temperatures shown i n  Table 23 have been co r rec t ed  t o  IPTS-68 s c a l e .  
The equat ions s e l e c t e d  here  were a l s o  s e l e c t e d  f o r  use by Yoon 
Chlorotr i f luoromethane 
Two s e t s  01 LJCL parameters f o r  c l ~ l o r o t r i f  luoromethane were 
Eo1.1nd i n  the l i t e r a t u r e  (11,  40 ) ,  but n e i t h e r  o t  tiiem can s a t i s f a c t o r i l y  
r ep re sen t  the experimental second v i r i a l  c o e f f i c i e n t s  a v a i l a b l e  i n  t he  
Table 23.  Physical Properties of Saturated 
Liquid Carbon Tetrafluoride 
T,  (10 Pol, ( a t 4  v 01' (literlgm mole) g S ,  (arm-') 
* Number in parentheses indicates power of 10. 
l i t e r a t u r e  (40, 41, 69, 83) .  The LJCL and K I H  parameters  used i n  t h i s  
work a r e  those ex t r ac t ed  by Yoon (132) from the experimental  second 
v i r i a l  c o e f f i c i e n t s  of  Kunz and Kapner (69)  and Michels e t  a l .  (83).  
The only a v a i l a b l e  experimental t h i r d  v i r i a l  c o e f f i c i e n t s ,  those  given 
by Michel e t  a l .  ( 83 ) ,  have been compared wi th  the  p red ic t ed  va lues .  
The LJCL (6-12) model f a i l e d  t o  r ep re sen t  t h e  experimental  d a t a  adequate- 
l y .  The experimental d a t a  a r e  b e t t e r  descr ibed  by the  method of Chueh 
and P rausn i t z  (10) .  
The vapor p re s su re  and l i q u i d  dens i ty  have been measured by 
s e v e r a l  i n v e s t i g a t o r s  (1, 29, 33 ) .  The equat ion  of  vapor p re s su re  and 
the  equat ion of  s a t u r a t e d  l i q u i d  dens i ty  presented by Alb r igh t  and 
Mart in  (1)  were s e l e c t e d  f o r  use i n  t h i s  work, s i n c e  the equat ion  of 
vapor p re s su re  r ep re sen t s  t h e i r  experimental  d a t a  w i t h i n  0.08 percent  
and the equat ion  of s a tu ra t ed  l i q u i d  d e n s i t y  r e p r e s e n t s  t h e i r  exper i -  
mental d a t a  w i t h i n  0.09 percent  f o r  temperatures between 144 K and 
247 K .  The equat ion f o r  the vapor p re s su re  i s  
l og  P = 36.76130 - 2623.988/~  - 11.80586 log T 
f 5.71495 - 10 '~  T 
where P i s  p re s su re  i n  p s i  and T i s  temperature i n  R. 
The equat ion  f o r  t h e  s a t u r a t e d  l i q u i d  d e n s i t y  i s  
where d i s  d e n s i t y  i n  pounds per  cubic  f e e t  and t is  temperature i n  OF. 
Table 24 shows the  vapor p re s su re  ca l cu la t ed  from Equation (F-3) ,  
t he  s a tu ra t ed  molar volume from Equation (F-4),  and the  i so thermal  
compres s ib i l i t y  from Equat ion (V-11). A l l  c a l c u l a t i o n s  a r e  based on 
the  IPTS-48 temperature s c a l e ;  t h e  temperatures shown i n  Table 24 have 
been cor rec ted  t o  IPTS-68 s c a l e .  The equat ions used here  were a l s o  
s e l e c t e d  f o r  use by Yoon (132).  
Table 24. Phys ica l  P r o p e r t i e s  of Sa tura ted  
Liquid Chloro t . r i f  luorome thane 
v ( l i t e r lg rn  mole) 
01 ' 
Argon, Methane, Ethane, and Ethylene 
An ex tens ive  l i t e r a t u r e  search of the phys i ca l  p r o p e r t i e s  f o r  
each of the following subs tances ,  argon,  methane, e thane ,  and e thylene  
has been made by Z i e g l e r  e t  a l .  (133, 135, 136, 137) .  The proper ty  
- - - - -  -- - * Number i n  parentheses  i n d i c a t e s  power of 10. 
d a t a  r e q u i r e d  f o r  t h e  phase  e q u i l i b r i u m  c a l c u l a t i o n  have been  c a r e f u l l y  
s e l e c t e d  f o r  u s e  by K i r k  ( 6 1 ) ,  M u l l i n s  (87) ,  L iu  ( 7 3 ) ,  and Garber  ( 3 5 ) .  
The p r o p e r t y  d a t a  o f  a r g o n ,  methane, e t h a n e  and e t h y l e n e  used i n  t h i s  
work were t aken  d i r e c t l y  from those  s e l e c t e d  by M u l l i n s  (87) and L i u  ( 7 3 ) ,  
K i r k  (61)  and L iu  (73) and Garber ( 3 5 ) ,  r e s p e c t i v e l y .  The compress i -  
b i l i t y  c o e f f i c i e n t s  used i n  t h i s  work were  c a l c u l a t e d  by t h e  method o t  
Chueh and Prausni . tz  (16).  The s e l e c t e d  d a t a  a r e  shown i n  Table  25 
through Tab le  28. 
Table  25. P h y s i c a l  P r o p e r t i e s  o f  S a t u r a t e d  L iqu id  Ethane 
v ( l i t e r / g m  mole) 
01 ' 
Table  26.  P h y s i c a l  P r o p e r t i e s  o f  S a t u r a t e d  L i q u i d  E t h y l e n e  
*Number i n  p a r e n t h e s e s  i n d i c a t e s  power o f  10.  
Table  26. (Cont inued)  
~ ~- - ~ - -  
T, (K) Pol, (atm) v 01 ' ( l i t e r / @  mole) 
Table 2 7 .  P h y s i c a l  P r o p e r t i e s  o f  S a t u r a t e d  Liquid  Methane 
v ( l i t e r / @  mole) 
01 ' 
Table 28. P h y s i c a l  P r o p e r t i e s  of S a t u r a t e d  L i q u i d  Argon 
*Number i n  p a r e n t h e s e s  i n d i c a t e s  power o f  10.  
APPENDIX G 
PURITY OF GASES USED 
The hydrogen gas used i n  t h i s  work was suppl ied  by Airco  Inc .  
I t  had a quoted p u r i t y  of  99.97 pe rcen t .  
The argon,  helium, carbon t e t r a f l u o r i d e  and c h l o r o t r i f l u o r o -  
methane were the  same as t h a t  used by Yoon (132). The sources  of supply 
and the  quoted p u r i t y  of tlie gases  were a s  follows: 
Gas -
Argon 
He 1 ium 
Carbon t e t r a f l u o r i d e  
C l~ lo ro t r i f l uo rome  thane 
P u r i t y  Source of Supply 
American Cryogenics,  I nc .  
A i r  Reduction Company 
E . I .  duPont de Nemours & Co. 
E .I. duPont de Nemours 6 Co. 
A l l  gases  were used wi thout  f u r t h e r  p u r i f i c a t i o n .  
APPENDIX H 
COMMENTS ON 'IHE ASSUMPTION OF AN IDEAL 
SOLUTION MODEL FOR THE L I Q U I D  PHASES 
For the s i x  hydrogen systems H -X(X=Ar (87), CH4 (61) ,  C2H6 
2 
(52 ) ,  C2H4 (51) ,  CF4, CClF ) summarized i n  t h i s  work, the va lues  of 
3 
H~ and VCD were obt  ined by using the  l e a s t  squares  method t o  f i t  t he  
2 2 f! 
£2 experimental 4,n (-) and (P-P ) t o  a  s t r a i g h t  l i n e  according t o  
x, 01 , G 
Equation (VI-12),  and the  maximum dev ia t ion  of the  experimental t n  (&) :: X2 from the ca l cu la t ed  t n  (-) i s  5 0.39 percent .  I f  the e l imina t ion  
2 
of the  term kn Y; i n  Equation (VI-12) were respons ib le  f o r  t h i s  devia-  
t i o n ,  the unce r t a in ty  of t he  va lue  of Y' would have been + 3.0 percent .  
2  
Therefore,  the villue of y' i s  1 + 0.03 f o r  t hese  systems and tlie assump- 
2 
t i on  of an  i d e a l  s o l u t i o n ,  y; = 1 i n  these c a l c u l a t i o n s  seems t o  be 
s a t i s f a c t o r y  f o r  the l i q u i d  phases considered i n  t h i s  work. 
NOW y i  and y' f o r  the  l i q u i d  phase must s a t i s f y  the  Gibbs-Duhem 
2 
r e l a t i o n  which f o r  a  b inary  s o l u t i o n  a t  cons t an t  temperature is  
I f  we assume the quan t i t y  on tlie r ight-hand s i d e  of Equation 
(H-1) i s  q u i t e  small  ( t h e  usua l  c a s e ) ,  the r e l a t i o n  1,ecomes 
Now the experimental  s o l u b i l i t y  da t a  sugges t  t h a t  y' i s  very nea r ly  
2 
equal  t o  uni ty  i . e . ,  1 + 0.03 over  the  s o l u b i l i t y  range 0 1 x  < ( x ~ ) ~ ~ ~  
0.1. Since y '  = 1 when x = 0 i t  follows from Equation (H-2) t h a t  y '  
1 2 1 
i s  very  nea r ly  one over t h i s  same composition range, t h a t  i s ,  the  so lu -  
t i o n  may be assumed t o  be i d e a l  w i t h  good accuracy.  Tilis i s  the  assump- 
t i o n  made i n  Chapker I V  i n  computing the  enhancement f a c t o r .  
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